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Meteorological Sensors for
Battlefield Weather Support

1. BACKGROUND

There exists a serious deficiency in our ability to acquire detailed weather

and electro-optical measurements in uncontrolled and hostile areas or airspace.

These needs were identified in MAC SON 508-78, Pre-Strike Surveillance and

Reconnaissance System (PRESSURS), dated 28 December 1978. Target area

observations will greatly assist weather forecasters, whose assessments and

predictions are often based upon scanty details of general weather conditions.

In addition, these observations will provide accurate and timely data that planners

require for both target identification and threat assessment. This will permit the

maximum utilization of force allocation and optimization of munition loads while

reducing the number of weather-diverted and cancelled missions, thus, increas-

ing mission effectiveness.

Increasing use of weather-sensitive Precision Guided Munitions (PGMs),

namely, TV, infrared (IR), and, eventually, millimeter-wave systems, also

places greater- demands upon the quantity and frequency of required weather data.

These systems are often critically dependent upon variations in path transmission

and contrast transmission. Information on these parameters must come from

either direct optical measurements or their inference from related meteorolog-

ical observables. Also of vital concern to mission planners is the state of any

(Received for publication 8 April 1983)
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cloud fields existing in the target area. Low ceilings or significant areal cloud

coverage could either seriously impede or curtail air operations.

These needs led to the establishment of the Weather Systems (Advanced

Development) Program Element, currently under Program Management Directive.

PMD R-S 1029(2)63707F, dated 29 June 82. The PMD title is Battlefield Weather

Observation and Forecast System (BWOFS). Specifically identified needs in the

target area include clouds (cover, base, and top), path transmission, contrast

transmission, wind, temperature, pressure, and humidity from the ground to

10, 000 ft. The target area in which observations are required has been arbitrarily

defined as being a 50-kn square zone up to 200 km beyond the forward edge of the

battle area (FEBA). The area from which PRESSURS vehicles could be deployed

is at a range from 50 to 150 km behind the FEBA. A list of required weather

observables taken from the Combined Employment Concept (CEC) in priority order,

along with desired accuracies, is given in Table 1. 1

The remotely-piloted vehicle (RPV) or autonomously piloted vehicle (APV)*

has been identified as the most promising platform for the use or- deployment of

meteorological sensors. It has the necessary range, endurance, speed, payload,

and altitude capability to perform the ,miission. Most of the emphasis in the

BWOFS program is being directed toward solutions utilizing the RPV as the pre-

ferred vehicle for tactical weather observation.

Few constraints have been imposed by the PMD for the development of a non-

satellite weather observation system. Any technique utilizing RPV, dropsondes,

ground implants, rockets, or artillery, and in any combinations, thereof, can be

considered. The solution, however, must not commit human observers to

hostile areas or airspace. As with any new system, the ultimate cost must be

kept as low as possible without compromising accuracy, survivability, or reliabil-

ity. In keeping with the spirit of providing the user with a broad choice of opera-

tional scenarios, several deployment options are being analyzed (by the MITRE

Corp.) and, where possible, candidate sensors for these options are identified in

this report. Many of these sensors are state-of-the-art and are routinely used

at ground installations and in the synoptic weather network; others are under con-

tinuing development as part of the 13WOFS program. It is anticipated that, after

a specific platform(s) has been identified some repackaging and engineering of

sensors will be required for their integration into a tactical we.ather-observation

system.

Though APVs refer to those systems (drones) that are preprogrammed and
entirely independent. RPVs provide allowance for human control and/or override
of trajectory. No distinction between the two acronyms will be made in this report;
where HPV is used, APV may also be appropriate.

1. (1982) BWOFS Combined Employment Concept (CEC), Air Weather Service.

8



Table 1. Weather Observables Requirements

Accuracy

1. Critical to Tactical Air Force (TAF)
operations:

Cloud cover (lowest deck): ±1/8

Cloud base: ±100 ft (sfc - 1000 ft)
±10% (above 1000 ft)

Slant range visibility (eye): +20% (0. 1 km !5 vis !5 10 kin)

Seeability: ±20% (0. 1 km !s seeability _5 10 kin)
(that is, maximum slant range at
which a PGM or Target Acquisition
System (TAS) sensor can perform
certain functions, for example,
lock-on, acquisition, etc.)

2. Enhances TAF operations, but not
critical:

Vertical wind profile: ±10 . ±10 knots

Cloud tops: ±500 ft (tops 5 2500 ft)
±20% (above 2500 ft)

3. Useful to TAF operations:

Surface wind: ±100, ±5 knots

Surface temperatures: ±1 0C

Vertical temperature profile: ±1 0 C

Surface relative humidity (dewpoint): ±55%

Verticnl moisture profile: ±55%

Pressure-derived information: ±2%
(for example, altimeter setting,
pressure altitude, density
altitud,-)

The intent of this report is to identify sensor candidates, provide general

physical descriptions, general performance characteristics, and a rationale for

their selection. In those instances where specific commercial instrumentation

has been identified, others may also be available that are equally suitable. No

attempt has been made to describe the delivery vehi i.- , that is. HPV, rocket,

and artillery, or the operational scenarios in which they would be used; these

will be the subject of future reports.

"~ I
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2. HUMIDITY

2.1 Requirements and Options

The choice of humidity sensors for use in a BWOFS system is rather limited

aind may be deficient in requisite performance. Current sensors, though generally

,,,equate for use in the synoptic radiosonde weather network, often do not have the

c,apability to meet the requirements of the atmospheric physicist or meteorologist.

When c-onsidering l'-O transmision, it should be kept in mind that, the effect of

relative humidity can be far c7reater than the direct impact upon water vapor

absorption or continuum ab sption. Above 90 percent small variations in relative

humidity have an inordinate ffect upon aerosol growth characteristics and, hence,

transmission. Such infor-rt tion would be valuable in a NOWCAST for estimation

of PGA\ pe rforrne.nc, . Du," to the very wide dynamic range of conditions to which

tir sensor -. rwv b,, 1,xpos.. the development of suitable instrumentation is both

ehazllenging and Crustrating. A vr N large variety of techniques for the measure-
2,

rrwrrt of humidity may he found in the litcratu: (,. ' The aforementioned refer-

ences, though we-ll over ten years3 old, still represent the state-of-the-art.

Of the major categori(s of sensors, the (l, ctric hygror,,ters have the most

pot,,nti l for- isfyiog tactical requireirment a. In these devic.s, sorption and

desorption rf water vapor, by suitably hygroscopic materials, arp related to
corresponding change.s in an electrical characeteristic such as resistance. They

arc of' then-s elve oft ,rs small, economical, and require relatively unsophisticated

circuitry. Current accuracy of electric hygrometers is at best 3 to 6 percent

HII, depe'nding upon ambient temperature and the degree of saturation. For fore-

casting purpos(s the, accuracy is satisfactory. However, if the information is

n,,eded for a NOWCAST, in order, to characterize the atmosphere for PGM sup-

port, it might he inadequate.

Three modes of deployment are contemplated, namely, airborne, dropsonde,

and ground implant. [ach of these has its own requirements for sensor perform-

ance in terns of measurement range and speed of response. The temperature and

humidity range requirement is essentially the same for all three modes of deploy-

ment. The sensor should perform over a temperature range of about +40 to -25 0 C

and over a range of 10 to 100 percent RH. A ground-implanted sensor need not
have a particularly fast respons, to fluctuations in humidity. A 90 percent re-

sponse lag of several minutes would be acceptable. For airborne deployment,

2. Wexler, A., Ed. (1965) Hfunidity and Moisture, Volumes I-IV, Reinhold
Publishing Corp., N.Y.

3. Wexler, A. (1970) Measurement of humidity in the free atmosphere near the
surface of the earth, AMS Monograph II(No. 33):262-282.
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however, one must take into consideration both the required vertical/horizontal

resolutions required and the speed of the vehicle. It may be assumed for BWOFS

requirements that upper-air humidity is homogeneous in the horizontal throughout

the target area. Thus, if the sensor is monitoring humidity at constant altitude,

requirements upon its speed of response can be relaxed considerably. However,

if the sensor is monitoring the environment in a vertical profile mode, either

through deployment by RPV or dropsonde, the lag response becomes more critical.

Typical dropsonde velocities are from 1000 to 3000 ft/min, depending upon the

amount of retardation used and restrictions placed upon the loiter time allowed

for the required communications vehicle. These dropsonde velocities are com-

parable to ascent/descent rates of state-of-the-art H PVs except for some higher

p- to()rmarc mIodels.

The C.CC does not specify the requisite vertical resolutions for all observed

weather parameters. In keeping with current sensor capabilities, this resolution,

a)s an interim goal, will be assumed to be 1000 ft. If the candidate sensor, as in

tie case of tho electric hygrometers, is of the relative-humidity type, then ab-

solute humidity or dewpoint, of course, is a derivable quantity provided that

anbient t,,nrperatu re is also available.

One of the BWOFS RPV deployment scenarios specifies the use of an in-situ

sensor, currently under dvelopment by AFGL (see Section 6.2, The HSS Visibility

Nl et,.r, usd fol tie estiriation of areal cloud cov,.r and ceiling. How ever, oper-

ational const-a ints prevent the vehicle from descending to an altitude low enough

to compltely satisfy obser-vational requirements. To overcome this deficiency,

an ,lternativ,, method must be conside'red for, the first 300 to 500 ft above ground

lev,,el (AGL). One such alternative for the determination of ceiling potential would

b- its infer-fnee from a measuremlent of the condensation level. This character-

i/ation would b, possible using state-of-the-art hygristors only if descent rates

do, not ,-xf,,d 1000 ft min- so that the vertical resol ition of humidity is kept

within the requisit, 100 ft for- the lowest altitude regime of interest. More infor-

mation on the vertical resolution as a function of deployment velocity is given in

Section 2.3.

2.2 The Carhon Ilumidili Element

The carbon humidity element has been the principal sensor used in the upper-

air U. S. synoptic weather network for, over twenty years. In spite of a number of

well-documented deficiencies, it is generally satisfactory, and probably will be

the sensor of choice in this country for some years to come.4

4. Brousnid,,s, F.J. (1973) An Assessment of the Carbon Humidity Element in
Hadiosond- Systems, AICL-TR-73-0423, AD 768672.
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For special applications, where improved lag response, accuracy, or resol-

ution is required, the need for suitable research-grade hygrometers remains

unfilled.

The carbon element is a thin strip of plastic. 2-1/2 in. long, 11/16 in. wide,

and coated with a hygroscopic mixture (hydroxyethylcellulose) containing a sus-

pension of finely-divided carbon particles to provide a path for electrical con-

duction. Changes in relative humidity result in bulk-film volume variations due

to the sorption or- desorption of water vapor. These changes result in dimen-

sional changes between carbon granules. The overall effect is such that, at high

humidities, particle separation is greatest and the resistance is maximized. The

long edges of the strip are metalized to provide for an electrical connection to

the film. Since conduction in the sensor is due to fixed paths between carbon

granules, and is not due to the movement of ionic species in the film, it is not

subject to effects of polarization. Whereas, quite a few thin film humidity sensors

require, the use of ac circuitry to obviate these effects, the carbon element can be

utilized in dc circuits.

Typical resistance curves as a function of temperature and relative humidity

are, shnwn in Figure, 1. lxesist:inco ratio is defined as

rsistanc(, at N F, Rif ('F°C)
rcsi-t:nce' lit R3' flt (ToC)

Nominal r. , ist t ,c vailuts for the, hygristors are 20, 000 ohms in ther military

version ( 1 -- 70;) and are somewhat low er in the National Weather Service (NWS)

vrsion. Ctur!. ntly, the only manufaicturer" of those sensors is the.

VIZ Mlanufajcturinu Co., Philadelphia, Pa. The hygristor is commercially avail-

able in h,.rnie-tically-sialed cans and can be supplied precalibrated.

The a-:t on-(,l,.mn t humidity lag response as a function of temperature is

significant and, at th,, end of its useful temperature range of operation (that is,
0-40 C), can he as long as 5 to 10 rain. Table 2 was prepared from data published

by Mlar'hgrah. r :nd Got 5  %hi(h. in spite of some manufacturing changes, may

still hr considered r,,pi ,sent;ative, of ru 'rrent performane'e.

ttilizat ion of the czirbon ,lem,,nt roquires that it bw carefully shielded to

obviate, the -ffects of insolition. The black film is an efficient absorber of

5. Mairchgarbr, H. M. , and Grot', 11. Ht. (1965) Th,, dynamic behavior of the
carbon A11,t M1-476, t/umidity and Moisture, A. Wexler, Ed.,
Heinhold Publishing Corp., N.Y. , pp. 331-345.
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I'igur,, 1. ('irbon lIlygristor Response - Humidity Isotherms

Table 2. Carbon Humidity lement Response

I)ir',ction Tei' I.Iaturo 50". Response 900 Response

2.ll ±250C 0. 3 sec 1. 0 sec
Hi1 0. 2 sec 2.9 see

5 0O. 85 sec 20 sec
RIll 1. 60 see 48 sec

lilt -20°C 2. 1 sec 78 s(c
Rill 4.1( sec 120 sec

RIlt - inc r sing relative humidit,'
F Ii - (lcre:isinu relativ humidity

r';ei;Mtinn that rsults in :i rise of sensor temperature with attendant temperature-

incluc,-4 humidity or rs. Bf.ror this problem was rcogni'ed, the trror in

V. S. tv;iosondf, uppr-air humidity measurements was as high as 50 percent.

Thi.I ,qulir om'.1it for shilding will impos, some diff ulty in its deployment by

K Mlor issy, J. 1., and Brousaid s, I".J. (1970) Temperature induced errors
in th i. Nll-47!; humidity d;ita, J. App l. M t,orol. 9:805-808.
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dropsonde. In this mode, size, weight, and overall configuration are critical

design details. General performance characteristics for the carbon hygristor may

be found in an article by Stine. 7

Temperature-induced humidity errors, in general, result from the fact that

changes in air temperature significantly alter the saturation vapor pressure.

Thus, a change in the air temperature in contact with the sensor results in a

concomitant change of its relative humidity. If the sensor is of the relative

humidity type, it will respond to this "apparent" change of condition. Consider-

ing the inherent accuracy of the hygristor, if the error is sufficiently large to

warrant its correction, this can be accomplished as long as the hygristor tem-

perature is known. The assumption is made that the air temperature in immediate

contact with the hygristor, and to which the sensor responds, is at the same

temperature as the hygristor. A small bead thermistor can readily be embedded

into the hygristor substrate to monitor this condition. The corrected humidity

can be calculated from the following relationship:

RH eh RH (1)
c e mswa

where

RI] is actual hurmidity,c

RH m is measured humidity,

e swa is saturation vapor pressure at free air temperature, and

eswh is saturation vapor pressure at hygristor temperature.

Saturation vapor pressure may be calculated by:

[ 17. 269T]e s= 6. 1078 p + 2 3 7 .3J

where T is in degrees Celsius and es is saturation pressure over water expressed

in millibars.

It should be noted that an induced humidity error will always result from an

imbalance between sensor and air temperature, regardless of the mechanism for

the imbalance. Thus, if the hygristor is exposed, as it usually is, dul ing an

upper-air sounding, to either ramp or step function changes in air temperature,

7. Stine, J. L. (1965) Carbon humidity elements-Manufacture, performance and
theory, Humidit and Moisture, A. Wexler, Ed., Reinhold Publishing,
N.Y., pp. 3-330.

14
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there will be induced humidity errors due to sensor thermal lag. These errors

could be significant if the sensor is deployed on a rapidly -d esc ending dropsonde.

To assess the magnitude of' such errors, consider the response of a sensor to an

atmosphere whose temperature is varying linearly with height on a dropsonde

descending at a constant velocity. Thermal lag can be related to the function.

T - (T1 -3t) (To - T I) et/x - JAU~ - et/X) (2)

wfier,. 'r and To art, initial sensor and air temperacure, respectively, X is the

st I-0! respontse Omi. (prt-ssure, dependent), and 3 is the temperature rate of

cirarige to f hich the senso)r is exposed. This equation mtay be r w ritten to yield,

_Y~ V SF[ ((- -t/A ) - O3x 0 - . X).(3)

al e~ .- (T V 1 .) d _1T is the initial difference. A fte r several

tin), oorts tant.,, it1 a coitil 1is ILis equation rinduces to Hte steady-state

(-on ltion, .Y -A . Tl i. cmr t-np p.riturf' lapser rate of :3 0C /1000 ft. a

and a I, ito thermal lg ,o

V.S -01" naii'1)(0. 23 ru)nin) -2.3 ) C .(4)

A rror of -2. 1t k 0iCinie~is ;in ihsilute liuriiditv itrror of aipproximnately 10 per-

cat.n 1111, If pn.ina upon ill- airi tveitpraturi.. Thus, it is evident that cat-bon

lim- Lristor dt ploym eat Iw Atc-ipsondc, ait stait,' descent raite, would require cor-

Ic otn for theintil la1g.

221 Tie Vaila Ilumicap

ThV V~iisA~k hum lic p -;fi11soi; s polyn i~ri thin film sensor utilizing capar -

it ix', ,e rtdou. Tlli' 6ensor wa,,.'sigift-d Fori, and is naarktl ed by, the Finnish

rios--o11d. ratiufacture,' Varsala 11C..

'Fi. aonfigurit ion of thi. I lunica p is show n in Figure 2. According to product

11t(.1:it ure, low, rt Iet o. (13) aJre etched] into a miet alized glass plate (A), coated

w' it Itia thin film a of hvgrosr 'opir o 'ganic polyni er (C), upon which a porous metal

uppf in * 'I'd roil, M1) is de-positcd. In curinent Jesign, three pairs of interdigitated

beIt rodfes ai in I[. posit ed, instad of the single pair shown in the figure. Overall

8., (195 fft;)i ndbook of M .t,-orological Inst runients, Part I, Her Majesty's
Stat ion! rY Office, London.

4. (1975) New Mhin Film Sensor, Vaisala fief. No. B235, Vaisala, Inc.

15



C
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(c) POLYMER FILM
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b

Figure 2. Vaisala Humicap Configuration

dimensions of the sensor are 6 X 4 X 0.2 mam. The sensor was developed for use

in a capacitance mode since other sensors on the Vaisala radiosonde are also of

this type.

Humicap performance and characteristics, as provided by Vaisala Inc., are

given in Table 3. Though these data are for an industrial sensor, they should be

essentially the same as for the radiosonde version. Humicap speed-of-response

as a function of temperature is given in Figure 3, and appears to be fairly fast

considering that water vapor must first diffuse across a porous electrode.

Humidity lag tests and calibrations of the radiosonde have been conducted indepen-
10

dently by another U. S. agency.

Findings on a limited number of sensors include the following:

(a) The time required at +25 0 C for the sensors to attain 63 percent (t6 3 ) and

90 percent (t9 0 ) of the final humidity value for a step function from 40 to 90 per-

cent RH was 0. 3 and 0. 7 sec, respectively. In the reverse direction, the lags

were 0.3 to 0. 7 sec, respectively,

(b) The time required at -30°C for the sensors to attain t6 3 and t 9 0 of the

final humidity value for a step function from 40 to 70 percent RH was 7. 1 and

17 sec, respectively. In the reverse humidity direction, the lags were 8. 3 and

20 sec, respectively.

(c) Calibrations indicate a systematic error of 4 to 5 percent RH, and

(d) Average hysteresis shown by the Humicap for calibrations at 25, -2. 5,

and -30 0 C were, approximately, 4, 2, and 1 percent RH, respectively, for first

10. Hoehne, W., National Weather Service (1982) Private communication.
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Table 3. Humicap 6061 HM Characteristics

Sensitive element: Thin film capacitor

Humidity range: 0... 100% RH

Response time: About 1 sec to 90% of total humidity change
at +20°C

Hysteresis: Better than ±2% for humidity excursion
0... 100... 0% RH

Better than ±1% for humidity excursion
0... 80.. .0% HI

Linearity: ±1% RH in humidity range 0... 80% RH, in
humidity range 0... 100% RH linearity
depends on drift

Acc'urac'y: ±2"'. gII in humidity range 0... 80% RH at
+20 C

t :n. RH in humidity range 80... 100, RH
A +200(. pr ovided that the probe is long-
icrm calibr-ite'd and kept continuously in
Iunility Above 80' RII

nip ritu , ',. 'ii.t1t: About 0.057 ' RHl. (

t (sec)

102 90% RESPONSE

60%/

\ \

-40 -20 0 20 40 60 T(C)

Fitutrf. 3. Iluricap Speed of Response
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calibrations. For subsequent calibrations at the same temperature the hysteresis

diminished.

The Humicap, as deployed in the Vaisala sonde, is unshielded; the sensor is

projected a few centimeters from the sonde package on a thin, narrow, rigid

holder. This manner of deployment would lead one to assume its independence

from insolation effects. Though the Humicap probably is not subject to this source

of error to the same extent as the carbon element, it is difficult to believe that it

is not an issue. Whether or not this is a problem could be readily determined in

a duel flight comparison of a Vaisala sonde and an NWS sonde. Alternatively, the

same end could be readily served by a few, relatively simple laboratory tests.

In any event, this author will assume, until it has been demonstrated otherwise,

that some ducting or shielding arrangement is required for its deployment.

One method of shielding that can be given consi:erntion is with the use of

porous sintered metal shlls. These shells are pervious to the environment and

with suitable ventilation, should exchange air rapidly enough to satisfy response

requirements. WXhen deployed by 13PV or dropsonde, forced ventilation resulting

from the motion of the vehicle may be utilized. When deployed as a ground implant,

surface winds in exc. ss of I to 2 knots should provide suffiint aspiration. Any

shielding has the pot,.ntial for perturbing the enipe rature of Ih. ambiont air and

could, thus, induc,, a hun id ity measur,.ment error. To permit a cor roction to

bi- madc for this induc, d huntility e ror, the air tom peratur within the humidity

cavity nust also he f,;,mitored; a small bea(l thrniistor will adequatel'y sorve this

function. The tint, ambient relativo-humidity c in be e.(covered through tiIe Use

of Eq. (1), where fwh nowk bcom.s th, value for saturation at cavity air

t em perature.

In th. utilization of the hum irap in the drop-;onde iod,., tm perature-induced

humiditv, e rots du, to thermal lag cannot p!,ts ently be estimated. The error from

this sourc,, undoubtedly is less than that found with the carbon hygristor due to the

Ilumicap's smaller h,.at capacity and increoa.,.d surface area to mass ratio.

igur,. 4 shows t-stinfate-s of the spatial resolution anticipate d with Ilumicap use

at various deployment ve-locities and as a function of ambient air temperature.

2.4 Conclusions

Currently available radiosonde-type h:,gristors are adequate for the charac-

teization of relative humidity when deployed by dhopsondes or used in ground

implants. This assumes that inherent sensor accuracies are satisfactory and

that high dropsonde, velocities art, not required.

II
Si
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Figure 4. Vertical Resolution of Humidity With the Ilumicap as a
Function of Deployment Velocity and Air Temperature

Deployment of electric hygrometers aboard a high-performance RPV poses a

number of special problems. The spatial resolution will, of course, be great due

to sensor time-constant considerations. In addition, hoever, problems associ-

ated with aerodynamic heating also have to be addressed. It cannot be over-

stressed that when utilizing sensors that respond to relative humidity, one must

not only be concerned with the ambient air temperature, but also the temperature

of the air sensed by the hygrometer. Thus, if an "air-scoop" or probe is used to

duct the air sample to the sensor, both tempratures must be measured to permit

the calculation of relative humidity.

If greater accuracies and spatial resolutions are desired than -Ire possible

using expendable "contact" or "immersion" type sensors, then more sophisticated

indirect techniques must be resorted to. One technique that is under consideration

is an infrared (IR) spectrometric method, the prototype development for which was

supported by AFGL's Cloud Physics Branch. 11 In this method, absolute humidity

is measured by the differential IR absorption of a reference wavelength at 2. 45 .m

and the water vapor band at 2. 67 gm. Projected accuracy is 2 percent over a
-3

dynamic range of 0.01 to 50 g m with a sampling rate of about 25 hz.

11. Nelson, L. D. (1982) Theory, Electro-optical Design, Testing, and Calibra-
tion of a Prototpe Atmospheric Supersaturation, Humidity, and Tempera-
ture Sensor, AFGL-TR-82-0283, AD A121713.
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3. FREE AIR TEMPERATURE

3.1 Requirements

Of the meteorological observations required for BWOFS, the measurement of

1free air temperature presents thp least problem. The current state-of-the-art

t-an provide for greater accuracy and faster time response than is needed. There-

foL e, the use of platinum resistance thermometers having millidegree Celsius

a C CUrae v, or, fine resistance a i-es that have millisecond time constants are not

warranted here. Realistic goals for, n 13W0S temperature sensor are 0. 2 to

0i. 3' 0 C accuracy and a timet constant of several tenths of a second for RPV deploy-

ment (possibly longer for- 1.,)psond(, deployment). The most useful class of

the rinomete s for- our spe-ci fic purpose is the, thermistor. General properties

and rhairarteri itics of thi-. type, of s-rnsor are provided in this report.

3.2 Th'Ie Therinst,,r

Thetitiistor i'; ai contract ion for- 'thermiallyv :<ezisitivye resistor .' These- ace

s"ImlCoriductol em;Af 'r;I a romn va 'iiua't Ioxns, such as mainganese,

cob; Ut, ;in I nickel], a h ich aIr in oldf-d., coanprr-ss. A, anad fired ait high tempera-tures

to produr. a (-,, :inl ir -lk, substanCte .-,ith stbe,'~au /resistawt rharnc -

tetIj t ics. Wire rondiuc; ion leads at-e utiuall, incotpoi ttel into he nmaerial prior

to thc firing process. Tho~v a r, ava-ilable fromn a larer' numiber of manufaCturers

and mray be supplied in a' wide raing, of sha pes , for- e~xi ple, rods, beads, discs,

-washers, and films, as' welI as inl f var~ety or sizes.

Trhermistor resistane is purely-, ohnmir and, in con' rast to most other mate-

rials, has negritive coefficients of resistanric. TFhat is. the resistance increases

with de r-iiasing temrperature. The range of resistances available for a given

teni peratur( range. is large and, if nec essa tVY, cain be tailored to fit specific

requi roments.

T'he re sist arrce, R, Of a thermTristor can be shown to obey the general rela -

ionship,

13 b a(5)
T

where a and b are constants and T is the absolute temiperaiture. Two other useful

equations are:

R( -T e (6)
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where 3 is a constant that depends upon the composition of the thermistor, and

1 dR T0 T T ohms/ohm/°C (7)
T T

where aT of a thermistor is a measure of sensitivity to temperature variation at

a given resistance.

If the environmental temperature range of interest to BWOFS is approximately

+40 to -400C. the d.gree of resolution required in the monitoring of equivalent

resistance may be found in an examination of the characteristics of available

commercial thermistors. Assuming that the nominal resistance of the sensor

(that is, resistance at +25oC) is in the range of 3, 000 to 30, 000 ohms, then

corresponding resistances for the given range of temperature would be about

1. 5 to 100 kohms, and 15 kohms to 1 Mohms, respectively. Alpha values for- a

representative thermistor from one manufacturer were -3. 9 and -8. 6 percent/ C

for t1,erp.ratures of +-40 and -40 C, respectively.

In the early 1970s, the performance of various temperature-sensor options

th:,t were ( onsidered viable by the NWS for their projected upgraded upper-air

.ounding system, Next Generation Upper Air- System (NEXAIR). were evaluated.

These options :ir, shown in Table 4 and are still typical of the state-of-the-art. 12

The table indicates the extent of important error sources, namely, calibration,

solar, and Il errors. Calibration errors are considered biases that can be

accounted for in a base-line correction, Solar errors are always positive and

are, of course, not present at night. Infrared errors may be present day or

night and ate due to temperature differences between the sensor and the surround-

ing environment. Figure 5, from the NFXAIR report, is a graphic representation

of these error sources for- the standard rod thermistor. If we were concerned

with the accurate monitoring of temperature from the ground to 100, 000 ft, rad-

iation er rors would have to be taken into account. Since altitudes below 10, 000

are of prime concern in BWOFS, such concern is not warranted. The thermistor,

however, should be coated with either aluminum, gold, or lead-carbonate paint

to minimize these errors and be provided with a good calibration.

For BWOFS application, the standard rod thermistor, Rod No. 1, is some-

what slower than desired and, as with Rods Nos. 2 and 3, is not as robust as

some of the available bead thermistors. The resistance wire thermometer,

which is used in special Japanese "reference radiosondes," is very fast, but has

12. (1971) Final Report-NEXAIR Design Analysis, SDO Report 9, NQAA,
National Weather Service.
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Table 4. NEXAIR Candidate Temperature Sensors

Resistive
Thermistor Wire

Type Rod No. 11 Rod No. 2 Rod No. 3 Wafer Bead NiFe

0.05 D 0.025 D 0.025 D 0.025 Thick 0.014 D 0.0008 D
2

(in.) 2.00 L 1.00 L1 1.00 L 0.080 Wide 39.4 L

Coating PbCO 3  PbCO3  A Au 3  
Al None

Bas,-lin, Check Y,,s Ys Yes No No Unknown
Required

Timne (onst (see)
4

0 km 4.5 1.5 1.5 1.0 0.1 0.01
:3 km 5.0 1.7 1.7 1.1 0.1 0.01

7 kin 1;. 5 2. 3 2.3 1.4 0.2 0.01
24 kr, 18.0 6. 8 G. 8 3.5 0.3 0.03

10 krn 29. 0 10. 0 10.0 5.0 0.4 0.05

(I, 0.20 0.20 0.20 0.07 0.03 0.03

0II ..01 0.00 0.00 0.00 0.00 0.00

1, 0.30 0.20 0.40 0. (;O 0.04 0.00

,, ,

(0lii 0.20 0.20 0.20 0.07 0. 03 0. 03

0. 10 0.00 0.00 0.003 0.00 0.00

0. 40 0.30 0.50 0.80 0.05 D. 00

24 kmn

iO. 20 0. 20 0. 20 0. 13 0.03 0.03

II: 0.40 0. '10 0. 03 0.07 0. 10 0.00

0.!0 0. 70 1. 10 2.30 0.00 0.10

if0 kin

;.lib 0.20 0.20 0.20 0. 13 0.03 0.03

0.80 0. 0 0.07 0.10 0.00 0.00

1I , 1. 30 0. 90 1. 50 3. 60 0. 14 0.20

2. Si, , o , ,- dn l,, uni': 2.75 in. - 4-1/4 in.

i. Shi-, .tk I r. C.,l-pIatJ; wali riot con t-d

4. As.-un. 5 rn/ S tisint in th,, slandard atmoosph,.re
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HEIGHT (kin)

Figure 5. lladiat ion -induced Temperature Errors for

the lad traeof beinig quit,, ftrigile and does not ,-xhibit the lar-ge variat ion in

Ir-ist ntcf. ith tilpf-;.turo riringe thait is found with theoristots.

A 0. 014 1), ad, though fragile in handling, c:an very a dequat ely withstand tht,

j,1-,' )rt rocket oi- dropsondc Idplo-, -oint. Al so, if deployed bv Ivo psond- ,it I

atcit1%of :3000 ft 'niin it will provid, for spaitial resolution of aibout 150O ft.

tr ~ntx-ailbltherotisats at,. verv staible and necd not he ra-librated

p)rior t" use. l.ot ;I nominal cost, of ibout on- dollar per caldibratioti point, mniny

!:mmttfirtutr ti ill supiply rt~rtttistot calibrzit ions. IDeperirling upon the- range of

tn it III"a tr It Ie c'u Ic requ ir t F-n Is, one, to three calibration points airc usually

. aui d. I'm art1 up -a ounding front tire grournd to :30 kin, thre, calibration

porits !'lij!1t t, nrcessary,. lot a mot, rest ricted temperature, range, such as

rot IMV ( iS, ott., or two poirrts shtould h It. arleuate.

%kh ,n usitiL small bead thertristo ta; to sense the atmiosphe ce, the el, etrieal

cornuct ion leads bcortt, import -,nt -ont ributors to thermal lng, part icularly at

if iih altit ud.s " .her, convective boat -t cans for coefficijents become smaller.

Shot-t I a ds attached to relatively massive mounts can induce significant lags,

at hirr rio rmally can be mtinimized by utilizing thermistors have relatively long

I aria. Again, since we ace conerrred with monitoring the, lower atmosphere, the

pltrtat ions that would be associated % ith shorter leads is not significant. This

latte-ir~ ft is or practical imiportanmce since small thermnistors custonmarily a re

suppl i, %% i it h short leads (typically 5r/16 to 3 /8 in. ).

Thr ee useful thermistor mounting arrangements are, shown in Figure C.. In

Figrir. 6( therm Iist or. leads a r. soldered to electric al conductors plated on thin
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phenolic or fiberglass board. An arrangement similar to this has been used on

Super Loki meteorological rocketsondes. Figure 6(b) shows a nonconductive rod

with plated leads. Figure 6(c) is a mount used in gas chromatographic instruments

and could be acceptable for use on dropsondes or RPVs.

PLATED PLATED PLATED
LEAD LEADS LEAD

NONCONDUCTIVE
ROD(a) (b)

>- NONCONDUCTIVE
SUPPORT

WIRES "

(C)

Figure 6. Bead Thermistor Mounting Configurations

3.3 Dynamic Heating Effects and Sensor Location

When the temperature of a fluid is in motion relative to a probe,, the observed

measurement will depart from this value depending upon the extent to which

kinetic energy is dissipated upon the probe. The temperature departure (alw-ays

positive) will be at a maximum if air is brought completely to rest, adiabatically,

with complete conversion of kinetic energy into thermal energy. The maximum

temperature rise, dynamic temperature, is related to total temperature (commonly

referred to as stagnation temperature) by the following relation:

24
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o l-+----~- 2(8)

F0 total temipcrature,

00 ambient (Static) temperature,

Cp/(Cv -1. 4 for air, and

Al 1Mach numnber.

It can b,- se en from 1-:q. (8) that ai correction for dynamiic temperature rise

be coniws an important conct-rn for- 1WOFS application only at sensor velocities in

exctss of seve-ral thousand feet pt-r mninute. For example, at an indicated airspeed

of 41000 f't rrr in (C\I 0. 0f ), t he expect ed temiperature, rise A ill be about 0. 25 0 C.

Titus. ioi:m\r reaisotnble and expecte-d dropsonde velocity, dynamic heating can

1). irn c.Vr'.re air tenrpe r~itn cc'ould be monitored aboard an H PV, the

a: x i currr c.iib rcL "11 r Nx veick, currentN unde r consid .ration for this pro-

irrr s 10, 000 ft cn1n. At thisi ve-locity, the teniprato re rise could be about

I. 5A.. iracaltmtaturc' rist, experienced b)Y a probe in the real-world will

1), cit ,rnrii by itsi de~sigtn and locaition on thc- v(-hicde: this woul d be established

in .%indl rrnni t est inr.

4.1 Requiremnents

ireare three( potential platformis for BWOFS pressure sensor deployment,

namely,, dropsonde. RPV, and ground irarplant. iFach of these modes encompasses

a di ffera nt pre~ssure raInge that might require different inst rument accuracies

and,'or p' rfo r'ranrt c' eh raictet ist ics. For vertical profile monitoring from a

ciropsonde, whether (leliverCd by rocket /artillery or RPV, the range of interest

is from) 0 to 10, 000 ft AGl.. A sensor range of approximately 1100 to 600 mb

(0 to 14, 000 ft McSI.) would satisfy the requirem ents for most locations in NATO

count ries. Though the niteasurenient range for a ground imiplant is miore limited

than for- upper-air profiling, the size, weight, and power requirements should be

simiiar. It is quite likely thant, the same pressure sensor with some range tailor-

ing coultd be used for- both of the aforementioned purposes. The sensor aboard an
R [IV, however', in addition to monitoring barometric, pressure, might have to

double as a pressure altimeter for control and guidance purposes.
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If a line-of-sight requirement exists for communication, either because of

data store-and-forward requirements or for navigation update purposes, the

pressure range might be extended to 150 mb (45, 000 ft). Specifications for any

pressure sensor should ensure for adequate protection against overpressure,

irrespective of the specific pressure range being monitored by that instrument.

With the possible exception of manometric techniques, which are normally

useful only at fixed surface locations, the most common barometers are of the

aneroid type, that is, without liquid. Aneroid barometers utilize elastic elements

in the form of diaphragms, bellows, tubes, etc. These transducers may have

direct mechanical outputs with linkaged dials or pointers, or have passive elec-

trical outputs such as capacitance pickups, linear differential transformers, or

strain gages. A major advantage of electrical vs strictly mechanical readout is

that linkage friction and wiper arm friction across commutator plates having

plated conductor contacts are eliminated. Also, electrical pickup permits the

availability of continuous readout or infinite resolution.

Over' the years, literally millions of aneroid capsules have been used in

standard radiosondes in the synoptic weather network. These barometers have

linked wiper arms and are somewhat larger than desired for- use in a dropsonde.

Since mechanical linkages probably would not survive high G forces, they also are

not candidates for, use in a ground-implant system. Because of the extensive use

and available history of these aneroid pressure cells, their performance is a useful
reference point for comparison with alternative sensors. The pressure error

estimate, given by the Hange Commanders Courcil/Mleteorology Group, varies

linearly with altitude from 0. 1 percent at the surface to 1 percent at 30 kin. 13 In

an analysis of 50 dual rawinsonde releases (both instruments on the same flight

train), the NWS determined the functional precision of the aneroid capsule to be

±1.9 mb for sensors compared at the same time. 14 Since upper-air synoptic
pressure data is obtained only in a decreasing pressure regime, this obviates some

of the problems associated with hysteresis. Also, as a part of prelaunch calibra-

tion procedures, pressure cells are adjusted to match the station surface pressure;

this further reduces various error sources.

Candidate sensors for different BWOFS deployment options are described in

the following section. Specific sensors ultimately selected will depend upon

Functional precision was defined as the rms of the difference between read-
ings from two or more identical sensors operating in the same environment.

13. (1981) Meteorological Data Error Estimates, Meteorological Group, Range
Commanders Council, Document 110-81.

14. Hoehne, W. E. (1980) Precision of National Weather Service Upper Air
Measurements, NOAA Tech. Memo. NWS T&ED-16, Sterling, Va.
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additional performance data as it becomes available and upon deployment con-

straints as they become defined.

4.2 Dropeonde/Ground-lImplant Sensong

4.2.1 ANEROID CAPACITANCE SENSORS

The displacement of a diaphragm in an aneroid capsule can be used to vary the

separation between plates of a capacitor. Through calibration, capacitance can

be related to a measure of pressure. Though a wide range of these sensors are

commercially available for a variety of applications, not many are suited for

upper-air atmospheric monitoring. In addition, for those sensors having appar-

ently acceptable characteristics, there is a dearth of published test data that would

enable on., to make an informed assessment of their potential to BWOFS.

Atmospheric Instrumentation Research, Inc., (AIR), currently markets a

miniature aneroid cell with capacitance readout. The cell is approximately 1 in.

square and 1/8 in. thick; a larger cell (2 in. X 1/4 in.) is also available. AIR

product literature indicates that a bead thermistor mounted on the pressure cell

is used for temperature compensation. The stated precision of this smaller sen-

sor systei is 3 nib. As with other aneroid cells having electrical output, meas-

urement accuracy can be incetased if supply voltage and sensor/circuitry tem-

peratur , are monitored and accounted for in the transfer equation.

It is the, author's understanding that a current Air Force procurement has

been initiated that will specify the 2 in. X 1/4 in. AIR capacitance pressure cell

as the approved s,,nsor for approximately 500 Omega dropsondes.

Vaisala, Inc. , of Finland utilizes capacitance pressure cells in their RS-80

and WS-80 sord,.s. Product literature indicates a measurement range of 1060 to

3 mh with :i -srdut ion of 0. 1 mb and a calibration repeatability of ±0. 5 mb. The

pressur, c.1l1 has a diamtnier of 30 mm and weighs 5 g.

4.2.2 ANI:l?()ID PIlZOI) SISTANCI: PRESSURE SENSOR

In pi,,/or,.sistive pickup of aneroid cells, strain-sensitive resistors can be

omb,,d!l in th,, surfae of the diaphragm to sense its position. In a development

for the :v,, loneywell, Inc., has de.signed a lightweight meteorological sonde

(Mini-R,,friction Sond) for the measurement of atmospheric index of refraction. 15

This sonde utili,,s a miniature (7. 5 g) solid-state device from their Microswitch

Division as the, pressure trznsducer. To compensate for' temperature sensitivity,

the, strain-sensitive resistors are used in a bridge circuit. For additional com-

pensation, a thr-i'mistor is usrd to monitor electronic circuitry temperature, and an

15. Motchenbacher, C. D. (1977) Mini-Refraction Sonde Laboratory Tests,
NAIX-7;128-30-A.
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18 constant algorithm is used to calculate ambient pressure. Each pressure cell

is individually calibrated in terms of temperature, pressure, and supply voltage.

Honeywell claims an rms pressure accuracy of ±1 mb.

4.3 RPV In-Flight Pressure Sensor

As previously mentioned, an autonomous pressure sensor is no! necessarily

r.'quired aboard an APV,'RPV. if a pressure altimeter is used in the guidance

systemn it would adequately serve,( as a nief-orological sensor. Stich a, unit would

not need to be expendable and could be expected to have iniproved arrur;:. v or

senor used in a dropsond- or ground imiplaint. The chniaitristicsoftootn

ial instrumients, both of wl olr ar ianufact u ro by Rosernount, Inc., ir e given

in Table 5S.

anle 5. bosera cant Pr ss ure/A ltitude T ransductr

I. t !s.--orit Sb-let 12011 P- >rr. I'; - h , Ia

Vio.- unit ak is s - i LI ri-tint -'I,1 .,l -hol n ,0 1 ::c1 ir1' -.- - Ud!
ni if 1 Soic, :i~f th, pertinfent sp il on. t - iiflos

Iii at r: a11! - :111Li : -SJ ". t( 71A

(lit ii' ott~. - 0 7V"Ic :,] 0 to 101 V

W. IL!r1t: LI V S I 'l i(.1 12 o
±2-1 Vd, option 1", oz.

lI-Spain- tim, i'-1 I: 1 'S 11 a ,ieull

iii., iili13i Iticl t11in-ri O.A t ' 7 al sc:dle pr -,-'r--. (p rii a

2. 11oxoICtIlO t M1l.I 1231V1 AltifiAli I r-in, itwar

I'lis 11it IS; I.-sii~L-l do 10ovid ,i:'- i-,-tilutl inS r111iioi bIr~od ;Jr-
rrI" ii(ri 101 il ii.-rnot of -10100 h' '0' 000 0t. As .,I opli ot, 1his lod' I

c-ii be pr-oilld% 01 iT) 010ot or : .r1- I it S ,-iiI l it:11 m iI-:i -. tit. n)-i
p, ii -rit inf rn itii j_ ,ji,,, h-, . 17

InIiPui t ekra 15 -11 - 1" Vd-

Output ValtI-c, 0.1 ,n 1 0. 2i-

rint,- t-ori tii (.;: ol ,,: s i a-;I ' 1

Op.--:iln~ o--uivy:-1-. 4", of i:it 1 tilt 20 ft (ort- ,- iv, i0J hIllV
i 0i-).A-iv ini-td--S. rsotiin,

txst--s is, not-lin, !i -I if lIIA i o (,I, 'b -

Tc-rnp"-r:0ua ri- -r-r -iI t1. 7 ol inL,. pti~- ft (ori t12 nov, ahich,.ivt,
is g1.-ar)

IG. oseurtount Product IData Sheet 23:39, osertiount Inc.

17. llospinount Product Daf a Sheet 2064, IRscinunt Inr'.
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5. WINDS

5.1 Upper Air Winds

The observation of winds in support of Air Force operations in the target area

is currently limited to that obtained from pilot reports. These observations are

limited and, in general, are unsatisfactory. The PRESSU1S Statement of Need

(SON-508-78) calls for winds in the target area from the ground to 10, 000 ft.

Further definition of requirements developed in the revised CEC for the BWOFS

program have relegated upper-air winds to a priority-three category of importance.

Because of the lower priority assigned to upper air winds, and some problems

associated with their observation in a tactical weather system, the higher priority

BWOFS requirements have been given precedence. It should be noted, however,

that if a wind measurement is desired aboard an RPV/APV, a variety of techniques

are-, available. These methods presune the knowledge of airspeed, heading, and

groundspeed (or position and time from NAVAIDs). "h,. technique is of limited

value, since one obtains wind only at flight altitude :nd in some sc',narios the

vehicle must be constr2.ined to specific flight patterns; it is described, ho ev,,r

for purposes of complet, ness in 'ireatnient. Sevoral comiputer proranis for the

cootputation of winds from an instrunientod AquiLia-tpe, I- l'V :re described in a

report by" Co~an.

The accuracy of wind velocity nioasur.nents (or" ev,,n th, ability- to nak, thom)

will be a function of subsystem NAVAID capability, : swe I th velocit v of fhe

vehicle; an analysis of projerted capability must :wait ti sp.cificat ion of thl.,

PR lSSURS navigational system. At present, navixation and comiunic:ition sv's-

tems for F3XOtS alternatives are still under evaluation. 't woul app,-ar a ppro-

priate to initiate a detailed anal\-sis of ,,asurenient potontirl and :ddit ion:,I son-

sor requirenents after such a system hais ben sel,,ct d. It nmav be rensonablv

anticipatfd that, whatever navigation system is re.quired fo- sureess ful deploy-

mont of a VO .'S such :)s, th, Modular Int erat ed Conmunic ions and Navigat ion

System (MI CNS), the Global Positionini SYsteim (GPS), or an Inertial Guidanc,,

System (INS), it will have sore capability to provide inputs for th, computation of

winds. Certainly, groundspeed and barometric pressure will be available infor-

mation. If airspeed cannot he determined from flight-control inst rumentation,

various commercial sensors aro available. These sensors often depend upon

pressure measurements taken with Pilot tubes. Pitot tubes ace constructed such

that nieasurements of static pressure (a mbient barometric pr ssur ) and total

pressure (inipact pressure plus static pressure) can be made. Th differonce

18. Cogan, J. . (1981) Techniques for the Computation of Winds (sing HPV
Flight Data, White Sands Misi Range, ASI.
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between impact pressure and static pressure is a measure of windspeed. Thus,

indicated airspeed (IAS) may be written,

F P 112
AS P Total Pstatic 

(9)

f(Total - Static}

The denominator in Eq. (9) i. a function relating differential pressure to fluid

velocity over a specific range of velocities. Since IAS is equal to the desired

quantity, true airspeed, only at standard sea level conditions, corrections for air

density and temperature are also required.

The Rosemount Model 542K1 Altitude/Airspeed Transducer is typical of

commercially-available sensors and has characteristics suitable with the antici-
19

pated operational envelope for a BWOFS. Pertinent characteristics are given

in Table 6.

Table 6. Rosemount Model 542K1 Altitude/Airspeed Transducer

Operating range: -1000 to 40, 000 ft for indicated
airspeeds from 125 to 550 knots

Operating accuracy:

Height: ±40 ft + 0. 7% of reading

IAS: ±3.5 knots or 1. 0% of reading

Impact pressure (qc): ±0. 5% full scale +1. 0% of reading

Impact voltage: +28 Vdc

Time constant: 20 msec (63%)

Operating temperature range: 45 to +1600F

Weight: 2 lb

It should be noted that, barometric pressure or pressure altitude will also be

available from airspeed sensors utilizing the Pitot tube principle.

Vertical wind profiling through the tracking radiosonde/dropsonde packages

using NAVAID signals, such as Loran-C or Omega, is a mature technology. The

literature is replete with information on theory techniques, and field-test
20-23

results.

Because of the large number of references cited above, they will not be listed here.
See References, page 61.
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The rms Omega wind vecto, error estimated by Weiss and Morrissey 2 2 for
-1 1-main aver'aging interval w as found to be 3. 2 m see- 1. Assuming a reasonably

rapid dropsond,, desectt of 2000 to 2500 ft rain- 1which is necessary to minimize

the sond,-1PV separation distance and also keep the package close to the target

area, this distance will also be the spatial resolution of the vertical wind profile.

"ht. use. or oran-C could improve profiling accuracy. However, if NAVAIDs are

to be considered for upper-air wind finding in a tactical NATO environment, the

r.lative susceptability of various NAVAID frequencies to electronic counter-

at.easures (I:(l) will also have to be taken into account. Loran-C coverage in

Kurope is said to bt. poor duo, to an !J.'1 source located in Prague, Czechoslovakia.

In the aforementioned report. the use of Loran-D NAVAIDs is also said to be of

duhiou,' volu, over- the use of Om.ga because of the rapid degradation of its

aecu rac" at listanmes 100 to 150 ki beyond the triad base-line.

5.2 Surfare Winds

Surfce winds are required inputs to ,rodels relating the environment to IR

iissih, sensor perfor !iancf-. The nmi in effect is to reduce thermal contrast by

in reasing thermal conduction betw .n tr 'get/background surfaces and the atmos-

pher,,. The. grenatest .ff.ct will occur during the day when the differential

tbsorptiv.. rates or' the.s, surfac,,s aie most pronounced. Winds are useful for

Providina raltimo, information and for predictive purposes. In addition, in lieu

of a Lround-implanted visibility sensor, a measurement of winds in conjunction

with temper:ature and r,'Ilive humidity might provide an important inference of

fog prtesenl,-.

Winds ideazlly are monitored by an instrument set out on flat, unobstructed

t,*rrain at an arbitrary hiht of 10 m. The distance between any obstruction and

the anemomet er should be at least 10 times the height of the obstruction above

cnemorneter ground level. In practice, compromises must be made in anemometer

location. To correct anemometer readings to standard conditions, Eq. (10) can be
24use'd, where. r h and r10 are the windspeed at a height of h and 10 m, respectively.

h - r10 {0. 233 + 0. 659 logl 0 (h + 4.75) (10)

Using this relationship, Figure 7 shows the departure from standard wind condi-

tioos with anemometer height above the surface. Though a measurement obtained

from a ground implant can be corrected for non-standard conditions (it is pre-

sumed that the sensor will be at a known and fixed height), its ultimate location is

24. (1956) Handbook of Meteorological Measurements, Part I, Her Majesty's
Stationery Office, Iondon, p. 201.
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almost compltl4y dete.rmined by the vagaries of the wind during sensor deploy-

1 niment. If it lands in high grass, brush, forest, water, rough terrain, or hillside,

the measur ,m,,nt is virtually usle.ss. The measurement of winds in hollows and

valleys, which might provide information on fog presence or its development, is

e.xactly wherr, it would he. most suspect. The measurement would be extremely

site-dependent and coull be significantly different several hundred yards away.

Thus, an anernometr positioned on the side of a valley could be indicating winds

due to drain.g conditions, while% winds it its base could be relatively calm.

Though th..se might repr,,sent wor,t case situations, it does raise the general

issu,, of the "repr.sent;tivenoss" of point observations. It should be recognized

that, ev.n und,,r id,.:d conditions, site representativeness often can only be deter-

mined aft, a statistic :il :aia lys is of field-sito observations. 25

An important conside.ration in the measurement of wind parameters is the

seetion of sensor time constant, sampling rate, and data-averaging period. In

a benign environment one normally has the luxury of using a sufficiently long

averaging p#riod and a correspondingly appropriate sampling rate for optimum

25. Nappo, C.J., Ft al (1982) Meeting review of the workshop on the represen-
tativeness of meteorological observations, June 1981, Boulder, Colo.,
Bull. Am. NMeteorol. Soc. 63:7t 1-76i4.
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monitoring. In general, the error in estimates of wind parameters decrease with

the increasing length of the observational period. Equation (11) shows the rela-

tion between the requisite averaging period and measurement accuracy, where T

is the averaging period, "E" is the desired accuracy, f and V,2 are ensemble

mean and variance, respectively, for a random process f of integral time scale

26

2r(f) I)2T e2 E2 (11)
24

Table 7 from laugen2 4 shows typical .rror estirnates for various random proc-

esses for time-averaging periods of 15 and G0 min based upon this ,.quation. 27

In these calculations an integral time scale of 1 sec was assumned for all processes.

Table 7. Percntag, Error of Estimates for Selected Random
Processes and Averaging Periods, T

Process T - 15 min T - G0 min

Mean windsped 1% 0.5%

W indspeed variance 7% . 5%

Ileat flux 10% 5. 0S

Reynolds Stress 20 to 100% 10 to 50%

It is evident that, if one is tnerely interested in local mean windspeed esti-

mates with accuracies no better than 10 to 20 percent, it time-averaging period of

only a few seconds will suffice, If, however, these estimates are also to be

representative of a broad surrounding area (say 1 km in diameter), then the

averaging period must be considerably increased to include all scales of turbu-

lence and to minimize spatial inhornogeneities. For representative coverage a

15-min averaging period would be more appropriate.

The selection of sensor sampling rate and time constant will depend upon

desired wind parameters of interest. If windspeed variance or higher moments

26. Luniley, J. L., and Panofsky, 11. A. (1964) The Structure of Atmosphere
Turbulence, Interscience Publishers, N. p. ?7.

27. Ilaugen, D. A. (1978) Effects of sampling rates and averaging periods in
meteorological measurements, 4th Symposium on Meteorological
Obse-rvations and Instrumentation, Denver, Colo., April.
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are desired, higher sampling frequencies are indicated. Again, if only mean

windspeed is required then a sensor with relatively long time-constant (say 5 min)

could be used such that after about 15 min it has essentially reached steady-state

with the environment. An RPV returning to the implant area after this elapsed

period would then have to acquire, in principle, only one sample transmission to

get an estimate of the 5-mmn windspeed. Assuming the operational scenarios can

be altered so that the ground implant is deployed early in the HPV ingress of the

target area, a longer time corr->ant can be acc'-pted resulting in a longer effective

averaging period.

5. 2. 1 HOTr WIR E A NFA1011ET ERS

No attempt will be mad, to review the extensive variets or no~iskironient

techniques available for tb, monitoring of surface winds. .Most of th-;e at,

unsuitable for use in a taictical vround-implant. 'Man,. usec inhet oti'y fraigile comt-

pononts, for ,xamiple, cups /propolle rs; many are otii pni fot.

example, sonic and lase-r anentom et-irs; othc 's4 a r, not -stenoorn ot' chtjoe o co

of reasons of si7-, wvituht, or p0'. er.

A particularly atti:.'tive candidaite, havinc niozt ofifie l'-i r, ch br tis-

tics is the hot wire :inenmnit.t,- itt V~i a f this in irklrl at ! to ! sufficil.--y-

rugged to withsta1nd dropsrml' 1'ployml Tit. hav a aol I aol. qrrt peed f

r.'sponso (in fact, bett v t ha a BWOFS r -qui is), aln ilav - p! ii' ph s ira 11

rhaactj.,tis.It is anticipated thait, ain': iad s-ii~or s illr xi,. ruir

r-packaaing anol design of ai sititaIbi rt otrsnkct~oart" to our- sporiti.

operational i-equirements . 'r\O pt-ab"s I",r~ir' bSI , ',It. Paul, '.linn.,

warrant uons4idvrtion in a 13W01'S around-inip;rt, nalvV, locl~ T ranlsdu er

Alod'ls 16 10 arti 1620. F( aittres of thso e!, oh- taiken It ni co-pinv product

literatuz' r, ' ivenl inl Talbles I and P.

Tabi' 8. TSI 'Modfel 11"l0 Veloritv ltanrs'l'ec!

I nputI po' 1: -1 V~c 2.30 roai a ax

Output iropidnre(: 1. 11;tha 100 obas

H epeat abil ity: ±0. 1, 1. in 0.I .I .

Response- timeo: 0. 1

Hnvironmental trxxptratur. rang: 0 to 70'C

Out put volt ago: a pprox 1 to '., V]'- nlon -linearl

Accu racy: ±1. 5'TI rca ling~ I[. S. mor .0:l range

Velocity range: 0 to "I ni Is itnd 0 to :30 ni 's

Temperature compensation: 0 to 40C(. Other ranves on request.
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Table 9. TSI Model 1620 Omnidirectional Air Velocity Transducer

Input power: +9 Vdc 250 ma max

Output impedance: less than 100 ohms

Repeatability: ±0.2% reading ±0. 1% F. S.

Response time: 2 sec

Environmental temperature range: 0 to 70°C

Output voltage: approx 1 to 5 Vdc non-linear

Accuracy (typical): ±10% reading over 0. 2 to 3 m/s
(over a 2400 solid angle)

Velocity range: 0 to 3 rn/s

Fluid temperature range: -50 to 100 0 C

Temperature compensation: 0 to 40 0 C

General physicail dimensions of the model 1610 are shown in Figure 8. The

proho is :, rugged and metal-clad s.nsor and should be able to withstand high

G loaids. Probe lengths in both the 1610 and 1620 models come in non-standard

si /rs. Th,- manuf:iciurer claims that the probe can be up to 15 off-vertical

he fore, introduction of significant measurement error.

FOUR WIRE
15-FT STANDARD 1 75 DIA SENSING

( 4 t44) PROBE SHIELD (REMOVABLE) SECTION
BRIDGE AND BODY WNDOW., \
ELECTRONIC
CONTROL CIRCUITS

U, IL .... IN (46) 6.3( ) 40 O 120SENSOR

IIL- o 3.06 60 ,, ,o(,o,),-,(305)
(78) (152) R (356)

SIGNAL OUT

POWER IN ALL JOINTS SEALED

Figure 8. TSI Model 1610 Velocity Transducer

Though the model 1120 is primarily used for very low windspeeds (less than

3 mis) it has sensitivity up to 10 rn/s. A solid, spherical metal tip provides for

insensitivity to wind direction over a broad solid angle; for use as an implant, the

sensor could be up to 300 from the vertical before this introduction of significant

rIIasur',went error. Though the sensor tip is not as rugged as in the model 1610.
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as long as it is not physically struck, it should be able to survive anticipated

ground-impact velocities.

Though a cer-tain modest amount of flexibility exists in TSI sensor orientation

ti the wind flow (up to 30 0 off-vertical) the design of an implant to ensure deploy-

niont within these tolerances will provide a strong challenge.

6. orTICAL. AND) II TR VNSMISSION

6.1I Background

Optical aind M 0 1razrsnt :ion inf'ormation arc 
t wo of thb requirements identified

:i5 beinltt I it icil to TA I opitat ions. A kno\ I,.dge of E-0 transmission properties

inl ill, t Mc i InC ssa c inputs to 0the fcrrgging'' (weapon.s uploading)

proc~ess antd, rrrrpo:trrlt lv*,, proide !11, fighter' pilut with invaluable info rmka t ion On

4xp(-ct-1 visibiliy condit ions. l tr'quirctenl foc both visibility and ''seeabilitv''

rastcrric ou~ricis- (Tible 1) irt, ±20 po-cent over thi'. rrirg( of 0. 1 to 10 kmi.

Current e'fforts inll th M zr ic directed towa rd charartecrization of atmiospheric

t: ,nsnii: sion hr tire ; to 12 p iregion. .Asr %,erpons Sy.Nsteirts ut ilizing othe-r A~ aye-

leng Ths b~worii' .1%ri~ible, [idilioinnl ojrer:otion~il i(qutrenints, air anticip~ated.

['bough it nravy be f bi, ~ \ feas -ibli to iosiwri l0- inst runrcrntrt ion for deploy-

mo,,t bly Itropsorri., :s at ell ais bY P i'V; co-ic on,t rvrrnrs fo' *xnulable devices

Norrid, %%ili thf trossibi, Xrc~piolr of : iiblt :1(t'I., proclur]i. tir'ir use.

Fir n~tefor e, ral l liiril rxloiittett o: sirsorsir been hirected towaird non-

Th ,!ivzt jor of visibilitY or, vi.-uril raing, is usually accomplished with

instrumients tlbin direrctlx- no, :isur lhe conti isttbetwee(n obje-ct and background or-

by, rhe 'm( iurcrment of lte (xl inct ion coefficient with its trannslation into visual

,ing. Felei#pirotonret, cr5 a re e.xanuple s of the first tv pe; these require accurate

sih' in[! rind ace( not anniito riutomii tion for, tri t ical deploymrent . The second

tx mi, involving hefri measurcen rt of ritt enu t ion, i-s most commrnonly performed

a'ithir Itrsroissolllten's aind Ii ghr -scattor mieters. I cansnrissomieters measure

Ii gbt t rrrnsnr ission over ri known or, fixi ri path whIich, a'ith an assumption about the

opt icril contrcast threshold value, is convect ed i rfto mnetconrological range. To

obtain requisite sensitivity, pathlengths are usually on the order, of hundreds of

feet. The dev',loprn errt of a short-path r'ansm issome't cc suitable for, the BWOFS

is not an attractive solution. Trhe use of scatter-mecters (nephelometers) for

estimating visibility is widespread and is ra mature technology. Its use in estima-

ting visibility is based upon the fact that, in the absence of clouds, fog, or

precipitat ion, visibility is predominately influenced by light scattered by atmos-

pheric aerosols; scattering at the molecular level and absorption are higher-order

36



effects. Thus, a measurement of the at -sol scattering coefficient could serve

to establish total extinction and, hence, visibility. The development of such a

device suitable for this program was initiated with HSS Inc.,* Bedford, Mass.

The estimation of infrared extinction using nephelometry is not so straight-

forward, particularly in the 8 to 12 M~ region. Sensor design is much more demand-

ing than in the optical region and, in addition, the scattering coefficient cannot be

directly equated to total extinction since absorption processes cannot be neglected.

Rather than assuming the more difficult task of developing an instrument operating

di roctlv in the region of interest (that is, 8 to 12 pu) a decision was made to develop

ai diuel-wavele(ngth ae~phelomneter with the expectation that its output can, ultimately,

be used to infer- the variable of interest. This development, also with HSS Inc.,

is described in this section.

6.2 The IiSS VisibililN NMeter

In this sect ion, the overall deFsigni and cha racteristics of the nephelometer

built for- this progi zim by IISS Inc. , Bedford, A\Iass., will be described. Much of

this w ill Aso be perit inf at to Sect ion 7. 2, which is titled In-Situ Detection.

The 1155 nepheluoniOetc is ai fixed -angle forward-scatter device. A schemnat ic

rlar tof the Opt iral systemn is sho% n in Figure 9 and pertinent rha racteristics

t o i di],( in Table 10. lie tea son for- the selection of 0. 88 p is the avail-

abhilitv of sm all, inlexpe~ns iv', lowk -powe r, light -emaitt ing diodes. These are easily

pitodu11l, Id '.1 -t 1ott ifa Ill,, ind obvia tf, the treed fort mechanical chopping. A

lab aa' tvc~moA, .""'as test eti at ihi C aIspan Corporat ion' s Vnvi roam eatal Fog

(ha ac t v, il'arrwof fovs and ha izes. Condit ions included la rge and

S tO 11 top~lft fhrgs, .ttld I Itaizf' :t both hiah aind low revlative humidities to ensure

a .i'l 11mt a of w1 t-osol size, dist ribut ion, as possible,. Though the required

'qul: lt vsua itag'for t he se.nsor, is 0. 1 to 10 kin, the test conditions were

.x, d I to It mine tite ttta\'imnt ope-rtionA sensitivitly of the instrument. To

tlti , t 1,1 a to t he seO1sor, a signal conditioner with a gain of 25 was employed

olr . olultiorn at the sttfallot att ,nuation coefficie nts. Figure 10 is a graph of the

sirls 1 1ljar significance- is the Fact that, within ope rational require-

tom a' uta x unive-rsal caitti -qua-t ion ,an be use'd that will (,over,

otip:'t 1I. , nvronnmittal scaitt'r:ia phenomena.

lit.frft~tI),t ph, Ioral.tei is shnm itt lig~ure 11. T'houghr cons ide rable

ti. to kf-1p its phvsical dimnittsions to a miinimium, there is still r'oomn

tle Uila iulit Ita.Itl'tma. Ire inst runteat contains consideraible- heavy-gage

I1-tl '.Ohi. h1 COUl itt a1 finll1 tll-, be- i (tited or- repltaced by plastic constr'uc-

ion. A 1-Il ' eifght rfluct itt is- ai f'ons( tivtfir project ion.
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If, in addition to visual range, the nephelometer is to provide an indication of

cloud presence (Section 7. 2. 1), conflicting requirements for time constants have

to be resolved. Resolution of cloud boundaries require a short time constant,

while longer sampling times will improve the accuracy of extinction measurements

through an improvement in signal-to-noise. Another factor to be taken into account

is the flight profile to be employr 1. During horizontal monitoring of extinction,

one could assume, conditions of horizontal homogeneity and, thus, not be too con-

cerned with the rate-of-change of this variable, whereas, in vertical profiling,

this assumption is not necessarily valid. Since the utilization of the nephelometer

to eharacterize cloud-field properties presupposes a vertical profiling scenario

(Scl ion 7. 4), time constants appropriat( to this mode will be examined.

In all deployment scenarios of the nephlom(ter via HPV, it will be assumed

that the sp.ed of the vehicle is more than adequate to e-nsure that a representative

atmospheric volume has been sampled. If the shortest time constant anticipated

is 0. 1 sc and the slowest vehicle speed is 50 mph, the integrated sample volume

monitored by the nephelometer w ill be about 0. 2 1; this volume will provide for
28

ad quate sampling statistics. -

Both the laboratory and the prototype visibility meters were field-tested at

AGI.'s Weather Test l.'acility at Otis Air Force Base. Intercomparisons with

standard transmissometers and with forward-scatter meters have served to

establish relative accuracies as functions of visual range and instrumental time

constraints. Tables 11 and 12 give the coefficients of dispersion (that is, standard

deviations dividd by means) for the prototype sensor at an approximate visibilities

of 10 km and 100 m, respectively. It can be seen that the largest errors are

associated with daytime measurements at the maximum range requirements of

10 ki. Thus, for example, the daytime error should range betwen 11 and

85 prcent, depending upon the time constant selected. The time constant used

will, of course, impact upon the spatial resolution. Table 11 implies that rIl

accuracy re-quirements can be met with a A - 2 sec if the light source flux can be

increased by a factor of three. The coefficients of dispersion for A 2 will be

correspondingly reduced by a third, such that the estimate.d accuracies are within

±20 perrent. Most, if not all of this increase in light flux can readily be obtained

by operating the LED at a higher current level. Major increases in light flux can

also be obtained by decreasing the central scatter angle of the nephelometer from

55 to about 450; however, this would necessitate a redesign of the instrument.

The analysis that follows assumes that in an engineered instrument this factor of

3 increase in flux can be achieved.

28. Hansen, D. F. (1982) Development of an Airborne Visibility Meter,
AFGL-TH-82-0328, AD A124276.
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Table 11. Helativ Instrumental Error of the AVM for
Various Time Constants of Integration at a Visual Range
or 10 km

Coefficient of Dispersion

k, c) Daytim,, Nighttime

A Go ±0. 110 ±0. 049

A± 1 ±0.22 ±0.098

S, 0.38 ±0. 170

A :0.49 ±0.219

A 2 -to.60 ±0. 27

A 1 ±0. 8.35 ±0. 3 80

Tail,, 12. I{,'L iv, Insi ruint: i I;ror of th, AVM for
Various 'Tim, ('ost:ms of' Int,gr ation at a Visual Range
of 100 In

t(cfri ient or Dispersion['ill,. 'olnst;lyl

S OC joi0 e ] Nightt ime

X iO; ±0.011 ±0. 0049

A- 15 ±0. 022 ±0. 0098

A - ±0. 038 ±0. 017

S; -0. 049 ±0. 022

A 2 ±0. 060 ±0. 027

SI ±0. 085 ±0. 038

0. 5 4-0. 120 +0.054
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To assess the adequacy of an approximately 2 -sec time constant for extinc-

tion measurements, the deployment scenario and expected extinction coefficient

,'ates-of-change must be examined. Extensive aircraft measurements, both in

U.S. and in Europe, by Duntley et al, 29 indicate that non-cloud aerosols are

vsually homogeneously distributed in a well-mixed boundary layer that exists to

about 1500 ± 1000 m, and in which the extinction coefficient is, essentially,

constant. 29"30 These observations were the basis for Huschke's construction of

the Weather Effects on Tactici Target Acquisition (WFTTA) model. 31

In this model fluschke also assumed an abrupt discontinuity at the top of the

nixing layt.r having a cons':,n' value of visibility of 83 km ( - 0.05 kin-1 ). A

variation of this model woie' 1 consider an Pxpot.ntinily-c teasing extinction

coefficient fra the, top o' ":-e boundary layr and extending upward. Other models,

such as 1iter11,an' s, 32 po-.ulate an exponent i:lly-de(criasing extinction coefficient

ter'o th, -utf:j( - "- the t ,P of the. qWniosph ,. 12

h should [,. appartr.' ;ha!. neph,.loniet, , ,per -,tion within a w l -mixed bound-

t;A," l lr, h;vin slowly-varying ,,1 rea iv-crwatlnt optical properties, .vill pose

no speci-i rionitorrng problets. ;or an expect'icll'-;aryin -yrtical profile a

,l :il.. 'aalv,.-,i.- v, ill '' r, quirfd. If e s tua i .l( thl i .holonieter is being

oy i't. • :I r , lescort rat , ti ,xtinction cofficiont ;vould b- soen

to vnivtv with imne ;t-cording to

"4r ": xp (-."t) (12)

% .t'-., is th,. initial extinction, aj is the ,-xp t-d environm ental value at time t,

:inl i I j c,('Ffieie , rd,-perident upon extinct i,,r 'ate-oi'-ch nge. Using typical

o. x, iaiion oq the sut.c, and 10, 000 f', nan-,ly, 0.83 k -1 and

0.1 - K0 . - ',srec'ivclv, al an ascension r',vt- 5000 ft rain- 1
, we calculate a

0. 0212 i- t n .a lso ),. show n that tlh, a pprope'iatr, relation describing

,,n.-, , po -, i. given by,

29. )unil,-. .,.. John:sn. H. W. , and Gortdon. J. I. (1972) Airborne Measure-
n, ati of (ip' i-,-1 Atr ospier i,' Pro erIties in Southern Germany, Visibility
1K,,r to,- l-St): .Sa D-ieg; Mi. H -I-0 , AD 747490.

'0. l)uritl, .S.Q.. John.--!a, RI. W. ;rd Gorlon. J. 1. (1972) Airborne and
(;rrund-Bas-I Nl,-asur- r tits of Optieal Atrnospheric Properties in

(,n, M,_xic_ , Voratory, VICSD, San Diego;
Alt( H1-72-04(1l, A) 751032 .

i1. tuschk, H. t. (197(;) A n)pheri' Visual aind lnftaied Transmission Deduced
t:nm 1 turf;( kr ( :M1th, (bstrv,tions: W,.nther ;ind Warplanes VI, The

Ilar, ( orpo't itn, H -201;- .

2. I (l"f1,; ('V, Visible, and IH Attenuation for Altitudes to 50 krn,
Al( I .-(;8-O151, AD 071F)33. -
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aY [(O3X - 1) exp (t/Pj 13

ar AX exp (00t - eXp (t/)

where ar and a.i are environmental and sensor indicated values, respectively, and

X is the sensor time constant. Figure 12 is a plot of a e/a.i as a function of sensor

time constant. For a time constant of 2 see, the maximum deviation in the meas-

uremient at steady-state will be approximately 5 percent; this will not appreciably

alter- the anticipated -accuracy that will have an overall rmis error of 20. 6 percent.

Thus, due to the relatively slow variation in extinction with height for an exponen-

tiail environment, the nephelometer should be able to provide measurements within

the design accuracy. Hloweve r, it shouldl be appreciated that the atmnospheric

miodels alluded to above are highly idealized. While the distribution of aerosols

ma~Y be r,4at ivel\. constant in the boundary layer, or, relatively exponential with

Sit it udr-, idditional st ructu re should always be expected. Changes of 2 or 3 in

the seatt 'ring coefficient, over a scale, of a fe-w hundred mneters, should not be

considered unusual. Aerosol structure of such a nature could impose more ser-

ious deniarids upon the selection of nephelomieter timev constant(s), Also imipact -

ing st r ngly upon timne c onstiant bt-l ct ion, or the anticipated degrada tion of m e-as -

u reinent accu r :Ir, is the ult imaate opei at iona I scenario Reete.Helaxat ion of

HPV rate- of rise 'descent re-quiremnents could mat erially enhaince senSor capabil-

it\ . IfI we ionis jdr an H PX a cedig/Icdn t aI rate of 5000 ft mm n-, three

finw constant-i (Ohat i6, 6 scwill pr-ovido for spaitial re'solut ion of the scattering
coc fritit1 ovcr, approximlately, 500 ft in the. vertic il. The se-nsorls ope~ration at

low aIt it ud.-s :111d in highlx -pollut ed u rhari it mno-iph eres, or in target are ,.z in which

batei-dcontarniinaints are present, w ill also pose( sp-ciarl pr-oblems thiwill

haeto lo- spifialiddcrossed.

6.3 Shiort-%'ave IR Nephielostieter (SWIRN)

A brif description wkill he given of thr- cent act uai effort with ITSS Inc. , for

thre dr'velopra ntl of a SWIRlN. A prot ot Vp( instrumeont was constructed that has

under-gone I irait ed r-Irara1ber test irg. A field-t est program for- its continued evalua -

ion was mnitimt ed. ho v ,duringy the period of test, no restrict ions to visibil -

it.." occur-red.

The SWIllN is a dual-wavelength nepheloraeter operating at 0. 55 and 2. 25 pm.

The selection of 0. 55 Min rather than the 0. 89-pini region used in the visibilit~y

nr ettei is partily due to the- desire to maximi-zc the sepa ration betw een wavelengths,

in hop!' that it will faeilit it c ext taipolit ion of t hr scattering coefficient to the

81 to 12 pmn rf-gion. Also, this would provide- us with an alternative %Iavelength
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Fivure( 12. N.. plelom-tetf liv snons to ain IAponentitil( tn
of 1.xtin~t ion

that could he' urilije I if I lis-tinot lvn~.fo- its uise hetOr I pnrent on,

advantage, of 0. 55 pmi is thait it is th, i egion in wNhich v'isunl i rngz is de frined.

Anotheri is the fnct that n sing!.' sour-ce (that is, a, tunizslwn lanip), with suitable

filter-ing, (-,-n b. used for- both %iavel.'ngth r-. vions. GotilF ail SV.1 HN ch :c ist ifs

are,( pr-ovided in rabi e 13

The SW! HN wais t.'atfel in the Cailspan ('.i po-at ion's ILnvi r mitt nt al logc

Chamober-, and H H test involve-d nine fog :in.] five, ha.,(e condition.s. Visible wave -

length extinction was nieasure.d i. ith thitee inist runients. in A51 HIlntegt-at ing

Nephelomieter 1 55013 (0. 01 knr . 10 kmi ) aind Two ( ilspa n -blt t t'ansm is -

someters oper-ating ove-t pathlengths of 18. 3 an.! 2. 7 ft. Stated accut aries in th-

scatter-ing coefficient foi, the nephelomtt i c atfO. I kmi ft-oml 0 to 1 knr and

±1 kmi from 1 to 10 km . Potr thoi tiansni i sotete t-s, the, *xtinetion coefficient
was computed fr-om Bouguer'ls Law (I 1I x \) . :IStin'Iatel accut-aerefs at~e

±10 per-cent or, ±0. 5 km -I (whic-hevi r is great rr) for- tie- 18. 3 tn pathlength

transm issompt er, and ±10 pet-rent or- ±4 km) (1 lviche ve is greoat e for- the 2. 7-rn
pathlength t ransmjissotm'ter%

44



Table 13. SWIHN Specifications

Optical characteristics, channel 1 (visible):

Central wavelength: 0. 55 Mm

Optical bandwidth: 0.08 mm

Detector: Silicon photovoltaic

Optical cha racterist ics, channel 2 (1HOi:

Central wavelength: 2. 25 pm

Optical bandwidth: 0. 5 Mm

Detector, peltter-cooled: PbS

%k indow: Sapphire

Iteater Power: 4. 5W

Source characteristics:

TYP(e: Tungsten lamp

P1r\V e r: 2 0 NV

Choppe r Fr eqjuvncN: 533 sec

Sca-tte-r jg angle, cove r,,igE :
Cent rril angle: 550)

'Angulai -ip ad:15

Sr arpi' Volume: 4 cmrr

Rz~nL'.'nlogV

li met rons-uti nt Wb:.i ns to i i n ): 0. 5 sec

V'ie constant .% ith signal

conlit inner: 15 sec

Powe.r Pf'qu1i I elrb'nts: 50 ~

Ph-vsicail chnrictist ics:

W-ighlt (excluding powe supplies): 9. 5 lb

si/": 17. 5 in. 1, Y 4 in. W Y 5. 5 in. Hi

Th- II? %%ave~lengths monitoredl were, 2. 117 to 2. 325 Mmn and 9. 13 to 10. 33 um,

usinE! the- 18. 3-mn path, a 9)00 0 C blackboulv source, and a IUgCdTe, liquid nitrogen-

( oole-d let ector. Hstimaited acrcuracies prior to chamber filtrations, pressuriza -

tirn or expansion, are ±10 percent or, ±1 kmi 1, whichever is greater. During or

aifter those- operations, the accuracy is estimanted to be ±10 percent or ±3 km_

whiche-ver is g~reat er.
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Other information that was available during the runs included aerosol concen-

tration and size distribution, as well as fog droplet size spectra.

Figures 13 and 14 show calibrations of the visible channel for fog and haze

episodes, respectively. As with the HSS visibility meter (Section 1. 6.2) operating

at 0. 89 cpn, considering the uncertainties in the Calspan sensors, we are reason-

ably confident that a single calibration curve can be used for most restrictions to
visibility. Not shown in the figures are the runs in which high concentrations of

white phosphorus or- KC1/NaCl mixtures were used; the resultant aerosols are not

consid,.red typical of naturally-occurring substances, or, as in the case of the

snlts, not found in such high concentrations.

Figures 15 and l; are calibrations for the SWIRN IR channel. The calibra-

tion curve for- fogs ar( reasonably distributed over the various runs. Different

runs for hnze conditions appear to have different scattering properties. It has

bhen observed that the aerosol size distributions in these hazes are skewed to

sizes small.,r than normally found in the free atmosphere and do not have the

tail" of the Iarut, particles usually expected. Lacking adequate field-testing of

the SWIRN, it is felt that th, full capability of the IR channel has not been estab-

lished. iased upon chamber testing, SWIRN performance characteristics for the

present instrument :iir, given in Table 14. Taking into account the experience

gained in the design of the prot )type visibility meter, it is anticipated that im-

provenents can be incorporated into a second-generation SWIRN having the cap-

abilities enunmrated in Table 15.
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Table 14. Current SWIRN Capability Determined From Calspan Tests; Based on
15-sec Time Constant

Channel 1 (visible):

Scattering coefficient range: 1000 to 0. 1 km;-1

Visual rang'.: 3 m to 30 km

Accuracy (based on 15-sec tim( const int):

Hflativ, or.v : ii 30 km 1001,
it 10 kin 9('r

inm to .) kni " 1:'

(hann t 2 (1 '):

S i':tt, i c,,ffi(ion' i r' n (:aT 
2

.
2  i):

f ~70 To 1. kl -1

It i'i x r '1 0:.. 0 1 k kI,
-

S e, "A .ili;y 1 * , ,-t ! l:t ' , , 2 'L'.1 ):

I 4(1 Li iv1." 1 4 } (I
40 kn I 2 U

[l '40 ' ', '102 k- '- 't

0.0 - i t us, 1 a: II 'I 0 . ,l t I f't n i--,, -..

T II 1 ,. I'' '' i,, ' >\kII11 ' a " ::i'; ilx ] , 2 -:.' , I a i .O i-!:l

C l'h m n,.l 1 t\ri-'4il'':

Scale,'Iil me ,,f~ii 'an ,': 100 'o 0.1 km

Visual iattu .: ?,r : to 10 kil

A 'z'urax'y ()S,.,t on 2-";-c ltim i

olltive eliror: at 10 ki 1001"
at 2 kil 20",
30 il to 115 km 1.-

Channel 2 (III):

Scatterit cofficient r:inc . (.! t2. 25 "pi): 100 :o0. 0 1 kin

Soe bilitv angef (,sltinizit-.1 for 8 t ) 12 pm): 20 !ii ', 77 k:i

Accuracy:

Relativ, ervro': at 575 kn 100"1
t 100 km 20"

20 m to 75 kil 15
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7. CLOUD FIELD CH-ARACT'ERIZATION

7. Background

The characterization of clouds in the target area is of vital concern to mis-

,ion nlanners and the tactical fighlter pilot. TYpical operational scenarios in

- upport of PO1\s call for a low ingre-ss to the target area at an elevation of a few

hundre'd Feet (AOL) with a "pop,-up" to 500 to 1000 ft when approaching the antic-

ipated acquisition range. Dep, iling upon thoe pa -rticular weapon system, the pilot

i'xeoute i' " launch -and leave" maneuvnyc mm ediately before or, after target

lock-on''. M\odification of opt imum.ani rcr'aft flight pattern, due to adverse
cloud cld olgetyi,--:ses th, physical threat, lkading to higher aircraft

,itt tit ion tate~s . Knowledg, reondi tions in the tit Iget a lea ,t ill not only inc rease

th- effect" ivkie -f t he mi.ssion, but w ill also red(uce the number of diverted

Sii'S al iise ip'ni l-. ii ()tr f this information cannot be over-

ill1iai/d it is Int iph -iLs irponr ant !',th cuir, m-rnt for- PGOM sup-

port. he'l sp)-ii i-tori I r, qirie tts '' ' of - I, ti fit~l ifl l Z 1.

For ill'. 1i\( IS mii'-a two lis t itit ;apr-oahes hanve been given considera-

tion; oi, i, a : i Ia-l cattle a ii atin otherl i in in-situ

i [tt~o 'ii - lae. oai mihos -.t ill ' quit- light test in] 'valuadtion,

thout'h a, n,-li'-loiiit-l r'-t'vn tli-, iu'itt,. (.1r:I ; 1ii :aistlcs for a1 tactical

'A I-tr Pfll, o ha5 azi4 :il h--ri I-ri-;tted aind test- in -a*nionatia chain-

b-,, :ni, to a limit-I i.xtot, in the fi. Md.

'o t choique ult irmately to h. -mployed will t, ie It -vxivy in fluonceii by the

op'-ra tinn sinri os, dict at d by eons idirait ion6 of ph~v la survivability and,

t11vii'-ition cola muon-n t ion, 1tc. ,tiosin fo the, I( livwv vk'ili. If a high-

It tu I.-'v- fligitof Iii' t a egit /soneils tis-- I eitheri' a nillot. se n~or aboa rd the

1,PV or- mutipli- dropsond' s contatining surit hI'', in -situ se-nsors would be required.

(orpli' -lir :i- liat onof' a? niutt il;1 ; -r- 'loud dictl with the radiornetric

ii-thod iiould iquite, pass'-s ait more, titati one altitudc, increasing its vulnerability

to ai g -al-r vO cieitv of enenmy ordrriror-. Th. in -situ ni 'hod providi-s for greater

v-tcti u-a l-fimiit ion ,f the i loud 11(cti, bilt is ailso s;ubject to increa-,sed vulnerability

it low 1it ttdes. l-iai igstuiis and li-y~ otaaysis to be performed
in FY Hi will proviilc the use r rnllicranids wit it the, basis for- ma king a select ion

a niinE! o-pi- rational srcena cis on the baisis of cost aini p', 1 fotma 0cc, was w~ell as
sYstem sul-vivabilit.

'1
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7.2 In-Silu Detection

7.2. 1 TIlE ItSS NEPHELOMETER

One method for the detection of cloud presence is the utilization of the HSS

nephelometer described in Section 6. 2. Nephelometers monitor light scattered

by particles suspended in a medium, in this case, water droplets in air. The

relatively large signals one would obtain in clouds, as contrasted from non-cloud

aerosols, should provide for their unambiguous identification, except for the most

extreme combinations of thin clouds and very dense haze.

Requirenents for, cloud boundary resolution and visual range accuracy are

functions of the instrument's time constant. These two requirements which, in

turn, are influenced by the deployment scenario, are not necessarily compatible.

If indeed, n compromise time constant cannot be found to satisfy both cloud and

visu:l range requirements, it may still be possible to alter the electronic circuitry

such that two separate outputs, each tailored to the specific requirement, are
a va, ila bh'.

For cloud detection, assume that cloud boundaries are to be spatially resolved

to within 10 m. Note that this is a program imposed restriction; the operational

requirement (Table 1) is ±100 ft. Let us also assume an operational scenario in

which the instrument is monitoring a vertical profile at a maximum rate of climb/

descent of 10, 000 ft min 1. This should be a worst case, considering the cur-

rently-availabl. H PV options, but will serve to scope an ultimate performance

requirement. A scenario, however, requiring horizontal monitoring would,

b,.caus, or grate,,r possible velocities, be still more demanding. A time constant

of about 0. 1 sec will resolve cloud boundaries within the prescribed 10 m, and

allow for mrasurement of non-cloud extinction to within 95 percent (that is, 3X)

of the tru. value. Though the requirement for cloud detection does not call for

th, me-Asurement of extinction within the cloud, assumptions will have to be made

:bout cloud characteristics. Extinction coefficients in clouds span a broad range

from about 2 km- 1 for thin tenuous clouds to as high as 40 to 50 km 1 for

ext remely dark clouds. Since extinction coefficients in haze seldom are as large

as 2 km 1 we will assume that values smaller than this are non-cloud measure-

menl, hence define its boundaries.

To improve the nephelometer response to cloud presence, the full-scale out-

put of 5 V was adjusted to correspond to an extinction coefficient equivalent to

approximately 20 km 1 . Since the instrument is not required to provide an esti-

mate, of extinction within clouds, this will allow for a more rapid recovery upon

exiting a cloud.
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7.3 Remote Detection

7.3.1 BROADBAND PASSIVE RADIOMETRY

As part of the BWOFS program, a study was initiated to assess the feasibility

of utilizing broadband solar and broadband IR radiometric techniques for charac-

terization of cloud field parameters. 33The study included radiometers to be
ircployed on fIPVs and dropsondes in both in-situ and remote observation modes.

W\hen operating in-situ it is as unied that observations are being taken during

clIoud (I rat ion, whereas in the remote mode, penetration has not occurred.

These two modos aire complementary aind can significantly add to the available

informa~tion on cloud struc-oam-. The two rangcs are the, 0. .3 to 1 Mm solar and

thi' 7 to 14 pin M . The- ut ility. of these- techniquos will require ;A field-test programn

to estbl isir instrcum:ent s 'or; itivit ies arnd resolutions of cloud fir-id pa ra meters to

hr .xp..'teI, in ant (prltitonal systemn.

7.:i. 2 BtIr AIBA ND S01AH HiIADIFl!THY

i' nifl~xpsV ttlotn'liodi ditors~t i!--r'itintg in ltre 0.3 Inc 1 pi reion

would 1 itt (!ItivNi'd itt bttp- \-e.' -onfigur:;tion; as shown in l~gr.17. LDeteco'm
0,A'itld a irsf 11M,.i I at mti %kr~'v~ it1 *i.'.'.oi -; Ii ''anti ai-ttx displaced 30

"r tn rif ft . . M mt. ? :I, I (, i , I i 'l I, at h( Iantdln ;)1 !11, 'ir' t! ll tlltir two0

loo 1-ik 4\ n ,-' rh -id- o Ih, rt;li- i tt- It is (rVidont 11 1 11Y- m'
t

Ipu

.m-r: -a ir l-tr.'rcm: i. tr 1 op,-! - irma iti Ili, t nrm it-i1,-, --ad- furiction

,,I tili i-rI ----t11 n. *-.j. t imo :rai's t. , r-. -I" ttin)lt :root ll

I'm.'. 111:1 1, . ''\p rai hi , -in : Inud '<tm '- )h- r~ lit~'r It ' lot) I mx' . at at-

rltaI, '-'1 ,. Co !rr a. o -pa

;,11! - i t I , N 00 p urIsr m ti-,:ro: 1s 1ti 11' a ilIti !, '1. l(.f,: I -er. t.

it! 'il. t'l- -'n prtm'tp Ii ' '-,l !I) 1!.- V, r-n4'il Nt.-tt of tihl 1 1i11 , i.eo.

'Ijn( 2-1)) Vl, 5jI! oiur v ng v

,I''t , 1il 1.- Itt) ' it, it r' ilif'-t .su- loudm ireot'' :l mit, 'mdcir' anigl- of

33t. C'ox, S, K. (198l1) 1 ii.-dbilitv Artix,-sis of Cjloudl Fit-lI Prop'jety Infecence
Frm 1r'I oibimI iTaT ,i~t iit r,-, A FGLT I-'-8 1 -03 52, AI) Al 113.3.
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SOLAR PROTOTYPE CONFIGURATION
(PHOTODIODE DETECTORS)

Figure 17. Prototypo Solar Detector Array-
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All three detector arrays would provide similar cloud-field parameter infor-

mation separated by distances proportional to sensor height above the cloud tops.

To determine cloud base heights from a remott downward-looking radiometer

presumes that a totally overcast sky does not exist. Also, it can be appreciated

that multilevel flight observations would greatly enhance the quality of the

estimates.

If the radiometer penetrates a cloud, it can be treated as a simple in-situ

nephelometer yielding qualitative information of cloud presence. The pronounced

divergencies between upward and downward radiances should readily define cloud

top boundaries and, to a lesser extent, ceiling. The optical properties within the

cloud mass are, also, relatively isotropic compared to t,. clear, air in the upper

hemisphere.

The potential exists for solar radiometer deployment from dropsondes. In

this configuration, only one upward-looking detector would be used. When passing

through a cloud top the received solar component would decrease dramatically

and, thus, provide a reliable indication of the cloud boundary. If an upper cloud

deck exists, the magnitude of the detector, output discontinuity would depend upon

upper-cloud deck opacity. Unfortunately, the divergenc anticipat,.d at the cloud

base is probably not large enough for its identification. Th information from a

single dropsonde would be very limited and, for maxirnue *'ff.'ctive ness, %ould

necessitate multiple releases in patterns of the type identified, in Section 7. 4,

Cloud Field Modelling.

7.3.3 BHOADBAND INFtAH .:D RADIOlHl 'riTY

Radiometric measurements in the 7 to 14 pin region can be made with the

sensor configuration shown in 'igure 19. As with the solar radiorw'ter, infor'ma-

tion can be derived from both remote and direct sensing. Radiometers can be

deployed such that upper and/or lower henrispheres can be observed (that is,

upward and downward observation).

In the r,. mote niode, sensors would provide inputs to tho equation show n in

Figure 19, where q is fractional ('loud amount, I is the output of a w ide field-of-

view radiometer. N 1 ,1 1, N CLDT is a narrow field-of-view output representing

either an upwelling cear sky radiance or upw elling radiance from a cloud top,

and NCLDS is radiance received frorm the sides of clouds. The remaining unkno%% n

in the equation. j3, is an assumed cloud aspect ratio, namely, lateral clout

dimension to cloud height.

Cloud top height would be drived from cloud radiance temperature and the

equivalent teniperature on a temperature-height scale. "'he, temperature-height

scale can either be inferred or directly measured. In an 13PV deployed radiom-

eter system, ambient temperature and altitude, information will be continuously
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I i,_ur. 19. Schenatic Diagrani of Prototype I H Detector Array

av: t i.b[; or),artinn at t ,O or ior. altitudes would definitively establish the lapse

rat,. .For !IiPV op,,ration at a single altitude over the target area, an output of

C 1,IR for iround tcnperature referencing could also help to establish the lapse

raitf,, to a first approximation.

What has been said about solar observations from dropsondes applies, essen-

tially, to broadband Ii measurements. Upward- and downward-looking sensors,

however, could provide for an improved If? discrimination of cloud boundaries.

It is anticipatl that the. divergence of upward irradiance will be sufficiently large,

such that cloud bases can also be established.

7. :3. 4 GIIOUND IMPIANTS

D,.veloping a fixed, groundbased instrument for the characterization of cloud

field properties is a major task, even when conditions are ideal for its employ-

nont. Th.. dev,,lopment of a reriot ely-deploved sensor for use in a ground im-

plant and that is ailso expendable, lightweight, small, rugged, etc., is fraught

with greo lifficulty. The conin ents that follow apply to any technique, whether

passive (for examplev, radiometric) or active (for example, laser). Let us assume
that sonic inexp,.nsive. non-scanning device could be developed and had the requisite

characteristics previously enumnerated. flow well could it be expected to determine

,rc.al loud (-over" For :a partial answer to thiF question, we may refer to an

55

I i _ _ _ _ _ _ _ _ _ _
'I ~~ '- ~ --- I ... ---. I--



analysis by Duda, et al, in which the performance of vertically-pointing ceilom-

eters was ti'eated. U4, 35sing a single instrument with optimum time-averaging

of the dat:t, the raise, 6, in cloud amount estimation was found to be 0. 17.

Figur, 20:35 indicates that if we would like to be correct 80 percent of the time

(thnt is, P 0. 8), th,, estimated cloud amount will bo within L = 0. 2 of the cor-

rect value- for J 0. 17. With this degree of ambiguity we would justifiably ques-

tion th, me,,it of using such a system. However-, if we increase the number of

stations (implants) deployed, the error in the estimate decreases rapidly. If we

d,,ploy more than a wvy ftew implants, it might be more advantageous to use

remoti- or in-situ airborn, inst rum entation. Obviously, we are dealing with

tr:id,-off issues that are not trivial in nature and require careful consideration.

10

09

07 A=0.

06 -A=005

a-05

04

03

0

001 002 005 01 0.2 0.5 1.0
A

Figure 20. Probability That the Estimated (loud Amount is Within ±L of the True
Cloud Amount

34. Duda, R. 0., Mancuso, R. L., and Paskert, R. F. (1971) Analysis of
Techniques for Describing the State of the Sky Through -utomation,
Federal Aviation Administration, Report No. FAA-RD-71-52.

35. Duda, R. 0., Mancuso, H. L. , and Serebreny, S.M. (1973) Automatic
instrument system for determining cloud amount, J. Appl. Meteorol.
12:537-542.
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A serious objection to the use of implants, at least in a NATO context, to the

uncertainty in the type of terrain in which the implant will land. The ceilometer

must have an unobstructed view of zenith. If the sensor is in heavy undergrowth

or in a wooden area, the measurements are compromised. Admittedly, it is to

be expected that the general character of the target zone will be known and this

information would enter into any decision as to whether or not a BWOFS should be

committed. If a BWOFS were not committed because of terrain considerations.

we would be losing part of our flexibility to support operations whenever required.

If we deploy implants regardless of anticipated terrain conditions, we risk pos-

sible loss of data and/or, what is worse, the acquisition of erroneous data without

realizing it.

Because of these considerat ions, -ind also because of the problems associated

with the acquisition of repre sentative a inds (S-ct ion 5. 2), it i6 this author's

opinion thtte.-irblt ft'nofI-,ploY.d surfaec se-nsors for BWOFS is

highly quf.stionnble,.

7.4 Cloud Field Modelling

The. utili/ation or p~oinl ta~ntt (tim? is, tn-situ neasuremennts) of aj

11(t.otolovic:jl Vaiberot th. *stwtirt of thait va riaible over- a broad two-

linionsional :r,-a)It thrie-'lIirii nsion~i1 iyw,-, pt *surnos the availability of a

suitahi. moel Duig h e l:.otoni.-vt )f th., lItS nepirelometer for cloud

pt-s 1- dt lion, it % ias -:i/I tt~ s;uh a 't 11 ls not available and would

haive to It. afen, a

A stud~' %aas it lai -I to ]-t.' i iiiy.t.:, titi? %X 1. .% hich cloud tops, bases,

antti-a tovtge out-I Ie infit I r v - t it I -n in-situ cloud detector tra-

viigthe t7,a. sp:w-. usinpw v il lot- I.'-'. *eotie-S. 3GAn optimum flight

pa)ttetrn a also to t:ike. into 0 til, -n-i I, !'i It, Tic' ill t. I ils of timne of fuel

expenIditure-. C'itingY 11" to, . t -. - ~ thy Oil - o- It .. go rif's of

-iitmpling patt-rnsa.k- at r I Inojll 1."1 .f fit-. 'hi. 1;, t ,.*t L,)unt ,. is SAM pled

through : suct--siiof ro i/oriOtlp d th~i I -. th1pp,..d]ito :ttitude% -a.h hori-

/ontal sacttn onsistjolOitn-v rot ttk,-n long, :i single pass. lb. sec-

ont paft rn is i-le nt it I -x( ,pt tict IIt. hor i ,ont ia at rpt. i. noA tajken a tongy ;

flight paith thrft is rIot.- thanlt a sitil, 1pass. the, third4 patte-rn ,onsists of ailternate-

asr-nt.s otd --. t in ;, tight spit' d. IIo teI -.-inL, that -ath 1 %-,. 1-ts santrpletI

in aI pattern of Ade sepa) rated tiirt. .'Ich Sartlphitwg palttern ais .valuaIted

against an e-xjwiittteltl se-t of dat:tie I froir 132 ai(tu:,]l loud fielIds ohsvt v,'.

ifi. Toun rt, C. N. , Shapiro. It. .Martsfield, I'. J . rid Scheebiter, It. (1981)
v-stiniat ing thet Tops, Bas-s, a nti Anmount of Cloudiness [ orn In -Situ
Samipbrra, AFGI.-rili-81-0351, AD Al113107.
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by a Geostationary Operational Environmental Satellite (GOES), as well as theo-

retical estimates based upon binomial distributions.

Major findings in the study include the following:

a) Horizontal sampling is highly inefficient. Due to the spatial coherence of

cloudiness, closely-spaced observations are not statistically independent. The

required separation for independence, in the data sets examined, was found to be

about 12 km. Thus, the fuel expended and the observations taken between two

points separated by this distance are essentially wasted.

b) In horizontal sampling scenarios the vertical profile characterization of

cloud fields is directly relate] to the number of horizontal passes. Altitude

resolution of tops and basf,,; for satisfaction of BWOFS requirements would place

unacceptable demands upon vehicle endurance and the time needed to fulfill the
mission.

) For both horizontal Pnd vertical sampling patterns, "equal-area" sampling

is most efficient. In horizontal sampling, these are passes that divide the plane

into equal parts. In vet tical sampling each sample point is considered the center

of one '"equal-area" quadrant into which a given altitude level is subdivided.

d) Vertical sampling is significantly super ior to horizontal sampling in terms

of fuel economy, ,nd it also has the advantage of providing for greater accuracy

in estimation of toll cloud amount and of the. altitudes of tops an1 bases.

Diffecences bfetween horizontal and vertical sampling -cenarios may be set n

in the following exanples where two strategies of each type are analyzed. In

Figure 21 the 50 X 50 kn grid is traversed hnrizontally as in it-1 and H-2, or

ve rtically to produce, the point patterns in V-1 and V-2 at any given level. For

d,,t,,otination of flight time and fuel expenditure, a number of assumptions are

made about the flight scenario and vehicle (RPV) performance. The sample

volume extends from 1000 to 10, 000 ft in the vertical and is sampled at 1000-ft

intervals for- a total of ten levels for th, horizontal strategy. In the vertical

strategy, it is assum, d that vertical profiles are generated by flying tight spirals

of alternate ascent and descent. The RPV was assumed to have the characteristics

shown in lable 1G;. It should not be inferred that a PRtESSUIIS vehicle would

necessarily have similar characteristics; it represents a "straw-man" position to

highlight the relative differencos between the two scenarios.

Table 17 summarizes time and fuel requirements for these sampling strat-

egies, as well as accuracy estimates. P(0. 1) percent represents the percentage

of the estimates of cloud areal coverage that are within ±0. 1 of the correct value.

Though the horizontal strategy is slightly more accurate than the vertical strategy

(however, providing for only 500-ft resolution of 'loud tops and base.s) it clearly

is inferior, overall, in terms of time and fuel utilization. It must be reiterated

that the indicated operational times and fuel expenditures are illustrative, and

58

i



H-I H-2

V -I V-2

Figure 21. Horizontal and Point (Vertical)
Sampling Patterns

Table 16. Typical State-of-the-art Propeller-type RPV Performance

Flight Airspeed Vertical Rate Fuel Rate
Mode (knot s) (ft/mmn) (lb/hr)

Horizontal 70 -- 8

Ascent 65 500 10

*Descent 70 2000 5

* ITable 17. Time and Fuel Required for Various Sampling Strategies

H-i 11-2 V-1 V-2

Pattern Time Fuel Time Fuel Time Fuel Time Fuel
Segments (hr) (lb) (hi' 0 (b) (hi') (lb) (hr 0 (lb)

Horizontal 9.64 77.09 7.71 61.67 1.45 11.56 1.03 8.22

Ascent --- --- --- --- 2.40 24.00 1.20 12.00

Descent 0.08 0.38 0.08 0.38 0. 60 3.00 0.38 1.88

Total 9.72 77.47 7.79 62.05 4.45 38. 56 2. 61 22. 10

P(0. 1)(170 ) 96 89 1 93 81
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represent values for a low-performance vehicle. Analysis of higher-performance

vehicles, currently under consideration for BWOFS, will lead to similar conclus-

ions as to accuracy for the various sampling techniques.

In practice, and with the assumption that vertical sampling will be the

strategy of choice, the actual pattern employed will be determined by the RPV's

operational capability and the acceptable accuracies for estimates of cloud field

characterization. Conversion of observations into cloud amounts (total amount and

by layers) can be readily accomplished aboard the RPV with simple counting cir-

cuitry and microprocessors, thus, obviating the need for transmission of raw data

barck to the ground terminal.
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List of Acronyms

AGL above ground level

A PV Autonomously piloted vehicle

AVM Airborne visibility meter

BWOFS Battlefield Weather Observation and Forecast System

C EC Combined Emp!oyment Concept

ECM Electronic Countermeasures

FEBA Forward edge of the battle area

GOES Geostationary Operational Environmental Satellite

GPS Global Positioning System

IAS indicated airspeed

INS Inertial Navigation System

MICNS Modular Integrated Communication and Navigation System

NEXKAIH Next Generation Upper Air System

NOWCAST a non-acronym referring to a forecast of present conditions

NWS National Weather Service

PGM Precision Guided Munitions

PRESSURS Pre-Strike Surveillance and Reconnaissance System

RPV remotely piloted vehicle

0 SWIRN Short-Wave IR Nephelometer

TAF Tactical Air Force

TAS Target Acquisition System

WETTA Weather Effects on Tactical Target Acquisition
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